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Chapter 1

Introduction: The Fundamentals of Nuclear Physics

1.1 The Big Picture

Understanding atomic nuclei is a quantum many-body problem of incredible richness
and diversity, and studies of nuclei address some of the great challenges that are common
throughout modern science. In this thesis, the role of nuclear physics in providing a better
description of the nuclear model will be reviewed in the context of the nuclear structure.
Particular attention will be given to the high spin states of the neutron-rich '%+1%Mo nu-
clei which have been reinvestigated by analyzing the y-rays in the spontaneous fission of
252Cf with Gammasphere data. The results will show a definite form of a class of chiral
vibrational bands. Furthermore, nuclear fission reaction processes will be reviewed in the
context of neutron multiplicity yields of Ba-Mo, Ce-Zr, Te-Pd, and Nd-Sr fragment fission
pairs. It will be demonstrated that the Ba-Mo and Ce-Zr fragment fission pairs exhibit a
rare fission mode known as “extra-hot fission mode”.

The primary goal of science is to build knowledge about the natural world by studying
and probing the systems in it, thereby, drawing meaning from it. This knowledge is open to
question and revision upon the discovery of new ideas and new evidence. Nature has dealt
us with some really complicated systems such as the brain and its complex neural networks,
and in nuclear physics, it’s the nucleus. All these systems have so many moving parts, such
that, when one probes into these systems, the data obtained are very complex and have high
dimensionality. Consequently, making the analysis of the data very challenging. In nuclear
physics, an ultimate goal is to understand the nucleus in terms of a nuclear model. Such a
model would give a detailed description of what a nucleus is, it’s constituents and how it
interacts with matter. In other words, the model would tell us everything there is to know

about the nucleus.



We know that an atom is made of electrons, protons and neutrons. We understand fairly
well how small nuclei (containing a couple of protons and neutrons) behave. However,
what if there are hundreds protons and neutrons? How does this change the system? How
does one go about analyzing such a system? These are the kinds of problems that nuclear
physicists are thinking of. And if there was a model to provide answers to such questions
simultaneously, that would be great. Unfortunately, such a model doesn’t exist. Therefore,
nuclear physicists rethought the problem and broke it down to ask more specific questions,
such as: (i) what happens to the shape of the nucleus as the number of protons and neutrons
increases? (ii) what happens to the energy of the nucleus? (iii) what causes the nucleus to
split into pieces? (iv) what happens after a nucleus splits? Such questions are asked to
provide insights into what an ideal nuclear model would look like. This is achieved by
relying on both experimental data and theoretical interpretation.

Theory recommends observables that are testable experimentally using various means.
In the present work, these observables are accessed by means of measuring the y-rays emit-
ted from excited states in a nucleus populated from spontaneous fission (see chapter [2.2] for
more details on this process). Coincidence information is gathered, and with that informa-
tion inferences are made regarding the quantized energy levels present in a nucleus. A level
scheme is built and this picture can lend itself to a structure interpretation. It is also possi-
ble to measure the quantum mechanical character of the radiation emitted from a nucleus.
The 7y radiation can be classified as electric or magnetic and carries angular momentum
away from the nucleus. Measurement of these properties can also help identify the spins
and parities of nuclear states. However, the question becomes: why should anyone care
about such knowledge? There are a few reasons as to why one should care: (a) because it
is science (we do it because we love science)-however, in a more practical sense, (b) it is
useful for designing better nuclear research facilities, (¢) building nuclear energy facilities,

and (d) useful in the field of nuclear medicine.



Figure 1.1: The possible alignments of the angular momentum vector in a chiral nucleus.
The two alignments result in a pair of nearly degenerate odd-parity bands.

1.2 Motivation

Unlike molecules, nuclei were long thought to be achiral. However, Frauendorf and
Meng [7]] pointed out in 1997 that triaxial nuclei with significant components of angular
momentum along the three principle axes could meet the conditions of nuclear chirality.
The conditions they proposed are a particle in a high-j orbital along one axis, a hole in a
high-j orbital aligned along another axis, and the rotational angular momentum along the
third axis such that the total angular momentum is not aligned along any of the principal
axes (see chapter [5] for more details). This configuration is pictured in figure [I.I] The
experimental signature for nuclear chirality is two sets of nearly degenerate odd-parity
bands corresponding to the two-reflected orientations of the total angular momentum. This
experimental signature of a pair of nearly degenerate in energy, Al=1 bands, has been found
around 13°Nd [8]] and 104:105.106Rp [9] [T0] [T1]]. Possible perturbed chiral bands related to
y-softness have also been proposaled in '%Ag [12]].

If chirality is a global nuclear property, then it might be seen in odd-even or even-even
nuclei. Chirality in an even-even nucleus was first proposed for '%Mo by Zhu et al. [13]].

The chiral bands were interpreted as soft chiral vibrations with a complex structure where

3



the configuration of quasi-neutrons nearly fills the g7, orbital (hole) and the hy; ), orbital is
just beginning to fill (particle). Recent theoretical calculations of all nuclei found that nuclei
around '%8Ru should have a deformed triaxial shape [14]. The 108,110,112Ry nuclei were
searched by Luo et al. [15] for the chiral signature bands, and a set of nearly degenerate
bands was found in each nucleus. The discovery of chirality in even-even nuclei, especially
that found '°®Mo, was the major motivation for the present work given the similarities in
the population of %Mo and '°®Mo. More significantly, with the development of large Ge
detector arrays, such as Gammasphere and Eurogam which offer high degree of sensitivity
and selectivity, experimental investigations of high spin states of neutron-rich nuclei have
been made feasible.

Additionally, 2>2Cf yields of individual correlated pairs in barium (Z = 56) and molyb-
denum (Z = 42) binary fission have been observed to undergo fission splits via an extra
“hot fission mode” (also called second mode) [3]]. In this mode, it has been observed that
the Ba-Mo fragment pair emits high neutron multiplicities of 7 to 10 neutrons in sponta-
neous fission of 292Cf [3, 16, [17]]. To explain this phenomenon, theorists have attributed the
presence of this mode to a possible hyperdeformation of 144:143:146B3 fragments at scission
[16, 18, 19]. This is justified by referring back to the theory which predicts that a large
nuclear deformation is more likely to yield higher neutron multiplicities [20]. Other theo-
rists have raised skepticism, since the hot fission mode has only been observed in Ba-Mo
fragment pairs of 22Cf and not in spontaneous fission of >*3Cm [21]]. However, this private
communication [21] has never been published.

Furthermore, some earlier analysis in spontaneous fission of 2>2Cf did not confirm the
second hot mode [5] without reporting the 9 and 10 channel yields (see later discussion),
while others did show some irregularity around the eight-neutron channel [4} 22, 23| 24].
Because of the importance of understanding this extra hot fission mode, pairs of Ba-Mo,
Ce-Zr, Te-Pd, and Nd-Sr have been studied with improved precision using y-y-y-y as well

as y-v-y coincidence data and the latest level structures of these nuclei. Also, relative



intensities of transitions in these nuclei made available through our work likewise improved
the accuracy of the analysis. See chapter 4 for the full discussion of the experimental details

and results.



Chapter 2

Nuclear Decay

Before a full discussion of the present work, it is important to first discuss basic nu-
clear radioactive processes and useful mathematical structures and tools for analyses of
radioactive processes which are essential concepts for the analyses of nuclear decay. Var-
ious atomic nuclei undergo spontaneous decay processes in order to decrease their total
energy. There are four main decay modes; spontaneous fission, o decay, B decay, and
Y decay. The first two decay modes occur via the strong interaction, 8 decay is an elec-
troweak process, and y decay is an electromagnetic process. Spontaneous fission and o
decay involve the emission of nucleons, B decay involves the conversion of a proton to
a neutron (or vice versa) in order for the nucleus to become more stable, whereas y de-
cay decreases the energy of the nucleus through transitions from excited nuclear states to
(eventually) the ground state. Here, only spontaneous fission (SF), ¥ decay, and Internal
Conversion (IC) will be discussed in full as they are the only decay processes used in this
study. The source of information for the introductory material presented here is taken from
the following [25, 26] sources unless otherwise stated. Extensive details for all of these

decay modes, as well as others not listed here, can be found in the same sources.

2.1 Decay Statistics

Radioactive nuclei are characterized by the rate at which they decay. This rate is given
by the decay constant A, which has dimensions of inverse time. Due to the statistical nature
of radioactive decay, no specific prediction can be given for an individual nucleus. The
characterization of these decays is reliant instead on decay probabilities. The probability
that a nucleus decays within the time interval dt is Adt. Therefore, in a collection of identical

radioactive nuclei, the number of decays per unit time is proportional to the number of



nuclei that are present:

—dN(t) = AN(t)dt (2.1)

This result can be integrated to give an expression for the number of nuclei remaining as a

function of time known as the exponential decay law:
N(t) = Noe ™™ (2.2)

where Ny is the number of parent nuclei present at t = 0. Equation 2.2] can be used to
determine the time required for half of the nuclei present to decay. This is known as the
half-life, denoted by #; ,. By substituting N(t) = N(0)/2 into Eqn. and rearranging we
obtain:

In(2
)y = nﬁ ) (2.3)

A more physically useful number is the nuclear lifetime, 7, or the average time it takes for
a single nucleus to decay. While A and 7 are mathematically convenient, it is traditional
to speak of nuclear half-lives, 715, or the time it takes for half the nuclei to decay (i.e.

N(ti)p) = %No). From these definitions it should be obvious that

I In(2
A=—= ﬁ (2.4)
T t1/2
Furthermore, if a nucleus is being produced at a rate, P, then equation [2.1|becomes
JdN
— =P—AN 2.5
P (2.5)
for which the solution — if we assume P is constant — is
P "y "y
N() =7 (1 e ) +Noe (2.6)



Normally, in a case of production, Ny = 0, thus (in terms of 7);
N(t) =Pt (1 —et/ T) 2.7)

If P is not constant, then the solutions to equation depend on the form of P(¢). In all
cases considered in this work, P can be assumed or approximated to be constant.

There are many cases in which there is more than one decay mode of the parent nuclear
state. These are known as multi-modal decays. For example, if the parent nucleus decays
by way of two branches, there would be two distinct decay constants A; and A,. These are
known as partial decay constants. For the total decay of the parent, A = A; + A, where A
is the total decay constant. These decay constants represent decay rates for each branch of
the decay. The branching fraction (or branching ratio) is a measure of the fraction of the

total decays that proceed via a given branch:

_
b

A
B, = 72 and in general B, =

B ;

n
— 2.8
1 (2.8)
where B,, is the branching ratio for the n’” branch. Other cases where the daughter nucleus
is also unstable and decays to a granddaughter occur as well. These are referred to as
sequential decays. Sequential decays often lead to large decay chains which may contain
many generations of & and 8 decays, as well as cascades of y-rays from excited nuclear

states.

2.2 Fission

Nuclear fission is a process where an atomic heavy nucleus divides into two (sometimes

three) smaller nuclei, plus a few neutrons as given in the equation[2.9]

%XN — ‘%:X;V/ +A_‘Zq/__zjf NN X ((l)nl) + energy (2.9)



The daughters, 4 X’ and A~ ~*X”, are left in excited states, usually with large spin, in
addition to the kinetic energy of both daughters and the x neutrons.

Fission can be either a reaction or decay process depending on whether it is induced
or spontaneous, respectively. Fission has a unique importance among nuclear reactions.
The discovery of fission, and the developments that proceeded from it, have altered the
world forever and have impinged on the consciousness of every literate human being. This
process occurs when a nucleus with some degree of deformation absorbs energy, becoming
excited and deforms to a configuration know as the “transition state” or ‘“saddle point”
configuration. This deformation results in the average distance between the nuclear protons
to increase thus, reducing the Coulomb energy. At the same time, the nuclear surface
energy increases as the area of the nucleus increases. Therefore, at the saddle point, it is
true that the rate of change of the Coulomb energy is equal to the rate of change of the
nuclear surface energy. The formation and decay of this transition state nucleus are the rate
determining step in the fission process and corresponds to the passage over an activation
energy barrier to the reaction. If the nucleus deforms beyond this point it is irretrievably
committed to fission. When this happens, then in a very short time, the neck between the
nascent fragments disappears and the nucleus divides into two fragments at the “scission
point”, while emitting neutrons.

In fact, the neutrons emitted by fission are typically emitted by primary fragments, the
highly excited nuclei directly produced by the fission process, and not emitted in the fis-
sion process itself. Fission occurs in stages, with the primary fragments being populated
well above their neutron separation energies in under 1072° s during the “saddle to scis-
sion” phase. The prompt neutron emission phase occurs when the primary fragments emit
neutrons by around 1078 s, producing the excited daughters, or secondary fragments, as
shown in equation At around 10~ %, the daughter nuclei will emit prompt y-rays,
which are the emissaries from the nuclear world studied in this work (as described in sec-

tionbelow). Finally, from 107° s to infinity, one will often see B-delayed neutrons and



y-rays, as the ground states (or isomers) of the secondary fragments 3-decay, causing both
neutrons and y-rays to be emitted from their daughters, who also will eventually 3-decay,
continuing the process until the nuclei decay to stability.

The term “saddle to scission” refers to the path the fissioning nucleus takes from a sad-
dle point in its potential energy surface to the point that the nucleus actually scissions into
two distinct nuclei. Fission (and a-decay) occurs by quantum tunneling through a potential
energy barrier in the nucleus’ deformation potential energy surface. As will be described
in greater detail in section [3.3] below, the shape of a nucleus can be described in terms of
deformation parameters, 3;, where i represents the multipole order of the electromagnetic
field produced by the charge distribution of the nucleus. Figure [2.Tp shows the potential
energy surface for 2°2Cf, as a function of 8, and f33, along with a few different paths the
nucleus might take as it tunnels through the fission barrier to scission. Figure [2.1b shows
an one dimensional slice of the potential energy surface, showing the shape of the potential
energy barrier that a nucleus must tunnel through before scission.

Equation [2.9]and figure 2.T]assume that it is the ground state of a nucleus that is fission-
ing. When the ground state of a nucleus fissions without an external stimulus, this is known
as spontaneous fission (or SF). Spontaneous fission has a long half-life and competes with
o decay. Spontaneously fissile nuclides have many useful applications. For example, 2>>Cf
is a very efficient compact energy source for many application. Also, 2>2Cf is a useful very
compact source of neutrons that eliminates the need for accelerators or reactors for many
applications. While >>2>Cf — whose decay products are studied in this work — spontaneously
fissions ~ 3% of the timeﬂ most fission reactions studied by physicists are induced fission.
Induced fission occurs when an external stimulus excites the nucleus to an energy where
tunneling across the fission barrier is substantially easier, or perhaps even above the barrier

altogether;

IThe other ~ 97% is a-decay
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Figure 2.1: (a) A two dimensional potential energy surface for spontaneous fission as a
function of quadrupole (f;) and octupole (f3) deformation paramaters with dotted lines
representing possible paths 2>2Cf might take toward scission. (b) one dimensional potential
for the fission path along 33 = 0, with points marked corresponding to points shown in a.
Additionally “GS” represents the ground state of >>2Cf and “sph” represents the B, = 3 =0
point of perfect spherical symmetry. This figure is copied from Ter-Akopian et al. [16]
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S+ 4%y = B Xa AT 4 x(dn1) +energy (2.10)

Neutron induced fission is commonly used in nuclear power reactors, because the excess
neutrons produced by one fission event can be used to start other fission events, causing
a chain reaction. However, neutrons, being neutral, are difficult to accelerate to precise

energies, or directions.

1Ho + 45Xy — éﬁX]Iv/ —I—A_‘ZA/:Z)fﬂX](LN/,X +x(¢n1) +energy (2.11)

to produce isotopes of interest.

2.3 Types of Nuclear Decay

There are three primary modes of decay for a nucleus, traditionally known as «, 8, and
Y decay. Alpha decay typically occurs in heavy nuclei, and consists of the emission of a
4He, nucleus;

32Xy — 575X\ _, +3He, + energy (2.12)

where 4Xy is an arbitrary isotope of an element consisting of Z protons, N neutrons, and
Z + N = A total nucleons. Beta decay occurs for nuclei that have too many neutrons re-
sulting in a neutron changing into a proton by emission of an electron and an anti-electron-
neutrino;

2Xn — 24X}y +e 4V, +energy 2.13)

Gamma decay occurs when a nucleus, being in an excited state (often denoted by *), emits
a photon;

Xy — 4Xn+ 00 (2.14)

To iterate, in addition to these three primary modes, nuclei may also decay by SF, IC ,

positron emission (81), orbital electron capture (EC), neutron emission, proton emission,

12



pair production, and cluster emission. Furthermore, a nucleus may be caused to decay by
external stimuli in processes such as neutrino absorption, neutron (or otherwise) induced

fission, and inverse internal conversiorﬂ

2.4  y-Decay

As mentioned earlier, nuclei that are in an excited state generally decay via the emission
of a y-ray or through internal electron conversion to decrease the energy of the nucleus. The
transitions can occur between two excited states or an excited state and the ground state.
This decrease in energy does not change the isotope, it merely re-configures the nucleons
within the nucleus. In the y-decay process, electromagnetic radiation of a specific energy
is released when the nucleus undergoes a transition from an excited state to a lower energy
state. With internal conversion, the energy that would be emitted through electromagnetic
radiation instead liberates an atomic electron, causing it to move into an unbound state.
These two processes generally compete with each other. The study of y-rays emitted by an
excited nucleus has long been a valuable tool in the study of nuclear structure. From the
measured observables of y-rays, many properties of the nuclei that emitted them may be

determined.

2.4.1 Multipole Radiation and Magnetic Properties of Nuclei

In order to understand the energy transfer in y decay, we must consider the initial and
final states of the nucleus as well as its recoil momentum. Using conservation of energy

and momentum, we obtain:

Conservation of Momentum: pg +p, =0 (2.15)

Conservation of Energy: E; = Ey + Ey+ Tg (2.16)

2Only recently observed experimentally; see Chiara et al. [27).
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where: Tg = 2.17)

is the corresponding recoil total energy and is assumed to be non-relativistic. Therefore;

E2
AE =yt~ (2.18)
2M,.c?
AE
EymAE(L= 5 (2.19)

It can be seen that the energy released in the electromagnetic transition is slightly less than
the energy difference between the initial and final nuclear states due to the recoil of the
daughter nucleus.

The emitted y-ray photon can be understood in a simple model using classical elec-
trodynamics, where a radiation field can be described in terms of a multipole expansion.
This classical theory is then supplemented using a quantum mechanical description for the

electric and magnetic multipoles in terms of the power radiated for each:

P.(L)
how

Pn(L)

Ae(l) = ho

and A, (L) =

(2.20)

where the subscripts m and e represent magnetic and electric multipoles, respectively, L is
the multipolarity of the respective transition (see Table [2.1), and E, = i@, where @ is the
angular frequency of the oscillating field.

The decay constants can then be expanded in multipoles by expanding the radiation
powers. In order to obtain order of magnitude expressions for the expected transition rates,
a number of approximations can be made. These are referred to as the Weisskopf estimates.

They are: (i) that the initial and final states are given by the single particle wave functions:

‘Pi = Ri(r)Yl,'m,'(®a CD) and le = Rf(i‘)Ylfmf(@,q)) (221)
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Table 2.1: Properties and nomenclature for electromagnetic multipole radiation. [28]]

Radiation Nomenclature Symbol Multipolarity (L) Parity

Electric Dipole El 1 -1
Magnetic Dipole Ml 1 +1
Electric Quadrupole E2 2 +1
Magnetic Quadrupole M2 2 -1
Electric Octopole E3 3 -1
Magnetic Octopole M3 3 +1

and (ii) the radial terms in the wave functions are constant over the entire nuclear vol-
ume, and zero elsewhere. Once these approximations are made, the electric and magnetic

multipole decay constants can be expressed as [28]]:

2 2 2L+1
Ae (L) 2 (L+1) { . ] (ﬂ) R (2.22)

dmehL[2L+ 1)1 [L+3] \he
and
202k (L+ 1 3 12 (E\ T
Do (L) = eh(Lt]) 2[ ] (l) R*? (2.23)
4megc?m3L[(2L+ 1)1)° [ L+3 fic

where R is the nuclear radius, and Ey is expressed in MeV.
The total angular momentum (L) of the photon is subject to selection rules, which are

related to the angular momentum of the initial and final nuclear states by:

=T < L<Ji+Js (2.24)

whereL=1,2,3, ....
It is important to note that the angular selection rules do not include O — O transitions

since they can only be satisfied with L = 0, and there are no L = 0 photons. There are also
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parity selection rules that are dependent on the angular momentum of the photon,
For EL transitions, 7; = 7(— 1)L (2.25)

For ML transitions, 7; = 7ty (— 1)Lt (2.26)

For various initial and final nuclear spin and parity states there are in general a number of
allowed 7y-ray transitions that can occur. In the case where the lowest multipole permitted
by the selection rules is electric, it will dominate the decay. If the lowest allowed multipole
L is magnetic, there will, in general, be a competition between ML and E(L+1) multipole

radiation.

2.4.2 Reduced Transition Probabilities

The probability per unit time, A, that a nucleus will undergo a certain transition from
state |J;) to state |J) by emitting a photon of energy E and angular momentum L, with

either magnetic (I1 = M) or electric (IT = E) qualities is

8m(L+1) 1 (E)ZL“ ) )
AL, = Jf) = ——m— L —— | — J+|O(I1L)| J; (2.27)
( i f) L((2L—|—1)H)2h fic |<f‘ ( >‘ ’>‘
where O is the multipole transition operator, and x!! =1 x 3 x5 x --- x x is a double fac-

torial. This A is the same as defined in equation It is common to define a reduced
transition probability, B(IIL;J; — J;), that is independent of energy, and only depends on

the nuclear properties of the two states involved. When this is done, equation[2.27|becomes

AL 5 gy = SFE+D 1(E

2L+1
_ommr) (= B(MIL;J; —J (2.28)
L(Q2L+1)!1)* hC) ( 2

Greater detail on the derivation of equations and [2.28| can be found in Eisenberg and
Greiner [29]].
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The experimental techniques discussed in this work are incapable of directly measuring
B(IIL) values. However, the ratios of such values for transitions from the same state are
still useful. In general when multiple transitions de-excite the same nuclear state, their
measured intensities, /, will be proportional to their respective transition probabilities, 7.
Thus we can use equation [2.28]to find a general relationship between the reduced transition

probabilities and measured intensities of transitions from the same state;

20,+1
B(ILLi3J; = Jy) _ (Lo + DLi((2L1 +1)!1)? <;_ZC)Q(LI_LZ)JIEz ot 020
B(IhLyJi = J5) — (Li+1)La((2La + 1)11)2 HEDTT :
In most cases IT;L; = II;L, =TIL, and thus,
B(IIL;J; — Jy)  JLE3“!
kil ) _ 15 (2.30)

B(IIL;J; — J}) — EXL!

which is an elegantly simple equation useful for calculating experimental B(IIL) ratios.

Furthermore, for collective states, especially those involving quadrupole vibrations, the
ratio of B(EL) values for transitions out of the same state can be calculated simply by the
ratio of the square of Clebsch Gordon Coeficients;

B(EL:J;—Js)  (JiK;, LAK|J¢Ky)?

= (2.31)
B(EL:J;i—J})  (JiKi, LAK'|J}K})?

Where K is the projection of the nuclear spin on the nuclear axis of symetry (usually the
same as the spin of the bandhead), and AK = Ky — K;. Equationallows one to calculate
what are known as Alaga rules which are useful tools giving a first order approximation
for B(E2) ratios, and can be very powerful for identifying the K values for various band
structures seen in data, thus aiding in the assignment of observed bands with different
structure properties. A deeper discussion of Alaga rules can be found in Casten [30].
Equation assumes that the properties of the collective bands it connects are un-

mixed. This assumption is rarely valid for - and y-vibrational bands, meaning that the
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experimental B(E2) ratios rarely match equation We can define y-ground, B-ground,

and y-B mixing parameters respectively as

B (00|0(E2)[00)
Zy=2dey (<1210<E2>\00>)

. ((00[0(E2) 00)
% =25 ({0ia(e00) 232

B (12|0(E2)[00)
Zpy=oegy (<10|0<E2>|oo>>

where |nK) is the band head of a band consisting of n quadrupole phonons with a projection
K of the spin on the symmetry axis, and the €& are constants dependent on the nuclear
moment of inertia and the exact form of the Hamiltonian. The effect of this mixing can be

found as a multiplicative correction to the B(E2) values found by equation by
2
B(E2:;J; — J§) = Bo(E2:J; — Jp) [1 4 ZyFy(Ji,J§) + Zg Fpy(Ji, If)] (2.33)

where By(E2) is the unmixed B(E2) (as given by equation[2.31) and

1 J2,2017,2) 1 Ji0,20(J /0

7 (e 20,00 2 U DDA G 00

< fy(J)) ({J;0,20]J 40
Fyy(Uindy) = % (1+(=1)") f%) <J<i2,2_|z|§fi>>

(2.34)

with fy(J) = /J(J —1)(J+1)(J +2). Equations and [2.34| result in relatively simple
corrections to theoritical B(E2) values as tabulated in table These results (equations
[2.33] and [2.34] and table [2.2) are specifically for y-band to ground state band transitions.
For more information on this theory, including its application to 3-band to ground band
transitions, see Lipas [31], Riedinger [32]], and Marshalek [33]. More recent theories, such

as described in Gupta [34], still explain deviations from the Alaga rules in terms of mixing
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Table 2.2: Correction Factors for B(E2) values based on equations and The
correction factors listed here are only valid for y-band to ground state band transitions. Z,
and Zg, are defined in equation @ These correction factors first appeard in Lipas [31],
though this work uses the sign conventions of Riedinger [32] and Marshalek [33].

Ji Jr B(E2J;i—Jr)/Bo(E2;J; — Jr)
(

J=2 1 [1+QI+1)Zy+I(J - 14)Z,]
J-1 J (14 (T +2)Z,)°

J o (1422, L1+ 1)23,)°
J+1 [1- -1z
J+2 T [1=QI+D)Zy+ T+ 1) +2)Zg,]

between the 3-, ¥-, and yrast-bands, but tend to rely on complex computer codes which are

beyond the scope of this work.

2.5 Internal Conversion

The internal conversion decay constant is, in general, a sum of the decay constants for
the conversion of electrons from the various atomic shells (K, L, M, etc.). As mentioned
previously, this process competes with photon emission, which implies that the total decay
constant for a transition between the initial and final nuclear states is a sum of the ¥ and
internal conversion decay constants, A = A, + 4,, where the y-decay constant is given above
for ML and EL transition. The internal conversion coefficient, ¢, is defined as the ratio of

the decay constant for electron conversion to the decay constant for y emission,

Ae

— 2.35
1 (2.35)
which is then expressed in terms of the total decay constant

A =2Ay(1+0a) (2.36)
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The internal conversion coefficients can be calculated theoretically for each atomic shell
[35]. An internal conversion coefficient (ICC), combined with a measurement of the Y-
decay constant, will therefore yield the total electromagnetic decay constant.

Unlike B-decay electrons, IC electrons have discrete energies determined by the energy

of the transition and the binding energy of the electron that gets converted;

Eeic = E)/ —B. (2.37)

where E,.jc is the kinetic energy of the conversion electron, Ey is the energy of the transi-
tion (which is the energy of the emitted 7y-ray, if the transition decays by 7 instead of 1C),
and B, is the binding energy of the orbital electron. This inherently means that there is a
minimum transition energy before IC is possible, namely B,. However, this depends on
which electron is internally converted, the more bound the electron (and thus the greater
overlap between electron and nuclear wave functions) the higher the energy threshold for
IC, causing discontinuities in the value o vs transition energy. Additionally, with the ex-
ception of these discontinuities, & increases as the transition energy decreases. The energy
dependence of « is seen clearly in figure[2.2]

Furthermore, ¢ (equation [2.35)) is also dependent on Z such that, as Z increases, the
probability of IC increases for two connected reasons. Since there are more electrons or-
biting a nucleus with higher Z (number of electrons = Z), there are more candidates for
internal conversion. Of greater effect, however, is the generally greater amount of charge
present in the system, especially the nucleus itself, causing the strength of the interaction
between the nucleus and the electrons to increase. This means that the most bound elec-
trons are more and more tightly bound with increasing Z, causing their wave functions to
be in greater overlap with the wave function of the nucleus. Figure [2.2] shows plots for four

different values of Z; 25, 50, 75, and 100.
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Figure 2.2: Four different plots of internal conversion coefficients as a function of Energy
for different values of Z and transition multipolarities. Top left; Z = 25. Top right; Z = 50.
Bottom left; Z = 75. Bottom right; Z = 100. These graphs were generated by brlcc using
the brIccFO database [33]].
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For y-ray transitions, as shown in equations through the lifetime of decay
increases as the multipole order increases and magnetic transitions typically have longer
lifetimes than electric. These lengthening of the 7y-ray lifetimes provides more opportuni-
ties for orbital electrons to be internally converted, causing the multipolarity dependence
of a shown in figure Since y-ray transitions are impossible for 0 — 0% (E0 or M0)
transitions, EQ and MO transitions always transition by IC (or decay by - or other mode),
being equivalent to @ = . Because nearly all data discussed in this work are from y-decay,

no T10 transitions are observed.
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Chapter 3
Nuclear Theory

3.1 Nuclear Models Describing Excited State Properties

The nucleus, like the atom, has discrete energy levels whose location and properties
are governed by the rules of quantum mechanics. The locations of the excited states differ
for each nucleus. The excitation energy, E,, depends on the internal structure of each
nucleus. Each excited state is characterized by quantum numbers that describe its nuclear
spin (angular momentum) and parity just to name a few that are relevant to this work and
are represented by J*. Figure shows a few of the excited states of the '2C nucleus.
The nuclear spin, J, is the sum of the individual spins of the nucleons as well as their
orbital angular momentum and collective motion of the nucleus. The nuclear spin quantum
number, J, is the integer or half-integer that is the measure of the total angular momentum
of the energy state in units of 7 (Planck’s constant h divided 27).

Protons and neutrons are both J=%h particles that “prefer” to pair off (protons with
protons and neutrons with neutrons) with anti-aligned spins, making the total spin become
0 for the pair. This means the ground states of all even-even nuclei have spin 0, and, for at
least the lowest lying levels, the spin and parity of all other nuclei are determined by the
properties of the last odd proton and/or neutron. The parity () of a nuclear energy level
is a statement about what the nuclear structure of the state would look like if the spatial
coordinates of all the nucleons were reversed. Therefore, when & = + means the reversed
state would look the same as the original; 7 = - means the reversed state differs from
the original. These quantum numbers are results of the basic symmetries of the underlying
force law that governs the binding of nucleons in a nucleus. They determine how an excited
state will decay into another state in the same nucleus (Y decay) or into a specific state in a

different nucleus (f or o decay).
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Figure 3.1: Energy level diagram of some of the excited states of the '>C nucleus. The
spin (angular momentum) (J), parity (P), and isospin (T) quantum numbers of the states are
indicated on the left using the notation J*, P and n respectively at the top of the diagram
indicate the separation energies for a proton and a neutron. [36]]
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Analyzing the interactions among many nucleons to calculate the energy levels and their
properties is a complicated mathematical task. Instead, nuclear scientists have developed
several nuclear models that simplified the description the nucleus and the mathematical
calculations. These simpler models still preserve the main features of nuclear structure.

Several empirical models have been formulated over the last 70 years in an attempt to
describe observed nuclear-structure characteristics. There are two basic types of models
used: (i) Those which describe the nucleus as individual nucleons that interact with each
other, and give rise to the observed structure (microscopic models), and (ii) Those that
attempt to describe nuclear structure by considering the motion of many nucleons simul-
taneously (collective models). The nuclear shell model is an example of the former. The
shell model has been among the most successful, and widely used, microscopic models
of the nucleus. The following material attempts to lay the groundwork necessary for an
understanding of the primary motivation for this study, as well as describing the theoret-
ical framework behind the experimental reaction mechanisms used to probe the specific

shell-model methods.

3.2 The Shell Model

The Shell Model accounts for many features of the nuclear energy levels. According
to this model, the motion of each nucleon is governed by the average attractive force of
all the other nucleons. The resulting orbits form “shells,” just as the orbits of electrons in
atoms do. As nucleons are added to the nucleus, they drop into the lowest-energy shells
permitted by the Pauli Principle, which requires that each nucleon have an unique set of
quantum numbers to describe its motion. When a shell is full (that is, when the nucleons
have used up all of the possible sets of quantum number assignments), a nucleus of unusual
stability forms. This concept is similar to that found in an atom where a filled set of electron
quantum numbers results in an atom with unusual stability—an inert gas. When all the

protons or neutrons in a nucleus are in filled shells, the number of protons or neutrons is
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called a “magic number”. Some of the magic numbers are 2, 8, 20, 28, 50, 82, and 126.
For example, ''®Sn has a magic number of protons (50) and >*Fe has a magic number
of neutrons (28). Some nuclei, for example “°Ca and 2°®Pb, have magic numbers of both
protons and neutrons; these nuclei have exceptional stability and are called “doubly magic”.

Filled shells have a total angular momentum, J, equal to zero due to the anti-aligned
spins as mentioned ear. The next added nucleon (a valence nucleon) determines the J of the
new ground state. When nucleons (singly or in pairs) are excited out of the ground state
they change the angular momentum of the nucleus as well as its parity. The shell model
describes how much energy is required to move nucleons from one orbit to another and how
the quantum numbers change. Promotion of a nucleon or a pair of nucleons to an unfilled
shell puts the nucleus into one of the excited states shown in Fig. [3.1]

Excited nuclear states decay to more stable states, i.e., more stable nucleon orbitals.
Measuring transition rates between nuclear energy levels requires specialized «, 3, and y
detectors and associated electronic circuitry to precisely determine the energy and half-life
of the decay (See Chapter: [ for further details). Quantum mechanics and shell-model the-
ory permit nuclear scientists to compute the transition probability (rate of decay) between
nuclear states (as discussed in Section: [2.4). For nuclei whose structure can be described by
a small number of valence nucleons outside filled shells, the Shell Model calculations agree

very well with measured values of spin and parity assignments and transition probabilities.

3.3 The Collective Model

In addition to individual nucleons changing orbits to create excited states of the nucleus
as described by the Shell Model, there are nuclear transitions that involve many (if not
all) of the nucleons. Since these nucleons are acting together, their properties are called
collective and their transitions are described by a Collective Model of nuclear structure.
High-mass nuclei have low-lying excited states that are described as vibrations or rotations

of non-spherical nuclei (deformed nuclei). Many of these collective properties are similar
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to those of a rotating or vibrating drop of liquid, and in its early development the Collective
Model was called the Liquid-Drop Model. The first important application of the Liquid
Drop model was in the analysis of nuclear fission, in which a massive nucleus splits into two
lower-mass fragments. The Liquid Drop Model calculates an energy barrier to fission as a
sum of the repulsive Coulomb forces between the protons of the nucleus and the attractive
surface tension of the skin of the “liquid drop” nucleus. If the barrier is low enough the
nucleus might fission spontaneously. For higher barriers, it takes a nuclear reaction to

induce fission.

3.3.1 Rotational Bands

Quantum mechanically, it is impossible for a nucleus to rotate about an axis of symme-
try, and thus impossible for a spherical nucleus to rotate about any axis. This is because,
quantum mechanically, two indistinguishable states are in fact, the same state, thus any
rotation about an axes of symmetry reproduces the original state that was rotated.

It is well known that the eigenvalues of quantum mechanical angular momentum oper-
ator L2 are I(I + l)hz, where [ is any non-negative integer. Thus it should be obvious that
the eigenvalues of the quantum mechanical rotational Hamiltonian, H,,; = % (assuming
no external potential) are /(] + 1)%, where . is the moment of inertia of the system about
the axis of rotatimﬂ For nuclei, the quantum number / corresponds to the spin, J, of the
nuclear state. Thus when a deformed nucleus rotates, the energy of each successively more
rapidly rotating state is

2
ErO,:J(J+1)%, 3.1
for any non-spherical nucleus with moment of inertia ..

In principal, any non-spherical state of a nucleus can rotate, not just the ground state.

Thus, for all of the nuclei observed in this work, multiple rotational bands are observed.

!For a full derivation and definition of these operators see Shankar [37]] or another introductory quantum
mechanics textbook.
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Since most excited states — be they single particle, vibrational, or otherwise — have rota-
tional bands built on top of them, it is common to refer to a rotational band by the properties
of its band-head. For example the rotation of the ground state is called often the yrast bancﬂ
or ground state band, while a rotational band built on a single particle state in an odd neu-
tron nucleus would be commonly called a vJ®[Nn A] band. In such a rotational band (at
least to a first order approximation), each state in the band has the same properties as the
band-head; the only difference is that the higher energy states are rotating. Thus, equation
3.1 applies not to the absolute excitation, but to the excitation relative to the band-head of

the rotational band.

3.3.2 Vibrational States

Most nuclei can vibrate. Such vibrations will typically follow, approximately, the even
energy spacing between states characteristic of a quantum harmonic oscillator, though
plenty of nuclei have been observed to exhibit varying levels of anharmonicity. Typically
vibrations observed are phonons built upon the ground state of the nucleus, but some nuclei
have been observed to exhibit vibrations of an excited single-particle state [38]].

There are two kinds of vibrations important in this work; f3-vibrations and y-vibrations
of a prolate shape. Both are quadrupole in nature and have already been addressed in-
directly in section [2.4.2] These two vibrational modes are most easily understood from
equation because a 3-vibration is essentially an oscillation of the 3, deformation pa-

rameter, while a y-vibration is the same for the y deformation parameter.

r(6.9) =Ro (1 + B2 cos y¥20(6,9) + %Bz siny[¥22(6,9) +Y2_2(9,¢)]> (3.2)

To understand what is meant by a quadrupole vibration, one should recall classical

electricity an magnetism. Classically, there are two kinds of closely related multipoles;

Technically a yrast state is the lowest energy state of a given spin, especially in even-even nuclei. For all
the nuclei studied in this work, the ground state rotational bands are all yrast states, and thus the nomenclature
“yrast band” is used interchangeably in this work with “ground state rotational band.”
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those defined by charge distributions and those observed as radiation sources. All nuclei
have a relatively large monopole moment (Qy), directly proportional to their charge, +Ze.
The simplicity of the nuclear monopole moment causes it to be trivial and rarely discussed.
An electric dipole requires opposing positive and negative charge in close proximity. Thus
an atom may have a dipole moment (Q1), but the nucleus, on its own, does not. Thus the
leading order for an electric moment of significance in nuclear physics is the quadrupole
moment, Q». In fact, a nucleus’s deformation f3; can be related to its quadrupole moment

by
0,57

P = 3ZR,A!/3

(3.3)

where Ry ~ 1.2 fm. Thus f3; is called the quadrupole deformation parameter. Thus it is not
surprising that the two most important kinds of vibrations for nuclei are quadrupole in na-
ture, since the leading electric multipole order of any significance for nuclei is quadrupole.

Classically any accelerating charge will radiateE] Specifically, a harmonic vibration of
a multipole distribution, as described above, will produce radiation of that same multipole
order. These multipole radiations have unique angular distributions which can be used to
identify them. Both of these facts remain true in the quantum world. Thus one would
expect both v and 8 vibrational states to emit quadrupole radiation when decaying to non-
vibrational states, and that one could identify this radiation by its angular distribution.
For a complete discussion of classical multipole distributions and radiations see Jackson
[39]. For further detail on the nuclear applications of the quantized multipole radiations

see Frauenfelder and Steffen [40]] or Bohr and Mottelson [41]].

3The loss of energy due to this radiation is one of the main reasons the Rutherford model of the atom was
later replaced by the Bohr (and even later the Schrodinger-Heisenberg) quantum mechanical model.
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Chapter 4
Experimental Techniques

In 1995, an experiment was performed Lawrence Berkeley National Laboratory (LBNL)
by using 72 Ge detectors of Gammasphere with a 28 1 Ci 2>2Cf source sandwiched between
two 11.3 mg/cm? Ni foils. In addition, 13.7 mg/cm? Al foils were added on both sides. The
data were sorted into 9.8x10° Y — ¥ — 7 and higher fold events and analyzed by RADWARE
software [42]]. The data were also sorted into different discrete time windows (from 4 ns
to 500 ns). These data can be used to measure the life-time of nuclear energy state at the
order of several ns to several hundred ns.

In 2000, another experiment with 2>2Cf was carried out at the LBNL. A 62 uCi »Cf
source was sandwiched between two Fe foils of thickness 10mg/cm? and encased in a 7.62
cm polyethylene ball. By using Ge detectors of Gammasphere, the raw data were sorted
into 5.7x10'" ¥ — y — ¥ and higher fold y events into 1.9x10'! y—y— v — y and higher
fold 7y coincident events. The basic unit in the raw data is event. Each event contains the
information of y multiplicity and every coincidence y’s detector id, energy (in ADC channel
number) and coincidence time. These ¥ coincident data were analyzed by the RADWARE
software packageﬂ

The 2000 experiment consists of four weeks run in total, including two weeks in August
and two weeks in November. For the August run, the unused detector id’s are: 0, 38, 40,
45, 52, 53, 55, 58, 59, 73, 81, 88, 89, and 96, this left a total of 96 detectors. Detector
72 has a very large energy drift during the August run, but was still included in the triple
coincidence data. The calibration sources are: 2Eu and 27Bi. For the November run, the
unused detector id’s are: 0, 1, 2, 4, 6, 45, 52, 53, 59, and 73. This yields 101 detectors
used. The calibration sources are *°Co, '33Ba and !5>Eu. There is no significant change for

the energy and efficiency calibrations between the August and November runs.

"For more details on the compilation of the data, see chapter 3 in [43]
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Figure 4.1: Fragment Yields of 2>>Cf from Spontaneous Fission [44]

The 22Cf is a radioactive source with 2.645 y half life where 96.91% of its decay
branching is the & decay mode. The other 3.09% decay is spontaneous fission. The ma-
jor part of 2Cf SF is binary fission. Ternary fission contributes about less than 1%. In
232Cf binary SF process, the parent nucleus splits into two daughter nuclei with roughly
a 1.4:1 mass ratio between the heavy and light fragments. The distribution of the fission
fragments is shown in Fig. B.I| As mentioned in Section [2.2] afterwards, the primary fis-
sion fragments evaporate some neutrons with a total neutron distribution maximized at 3 or
4 (see chapter [6)). The secondary fragments are usually populated to excited states. These
excited secondary fission fragments can decay to lower states by promptly emitting y-rays.
The first and second stages of the binary fission occur very quickly in 1078 to 10715 sec-
onds as seen in Fig.[4.2] In the present experiment, fission fragments and o particles were
stopped by foils and neutrons as well as 3-rays were partially moderated and absorbed by
the foils and plastic. The y-ray were detected in Gammasphere.

Gammasphere is a powerful spectrometer and especially good at collecting y-rays data

due to its high energy resolution, high granularity and high detection efficiency. It consists
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Figure 4.2: Schematics of 2>2Cf SF processes

of 110 high purity germanium (HPGe) detectors in a spherical arrangement with about 47%
angular coverage. The HPGe crystals are maintained at liquid nitrogen temperature in order
to reduce the signal noise.

In general, the interaction of photons with detector material atoms involves several
processes: 1) Rayleigh scattering, a photon is deflected by the atom with no energy transfer,
which is probable for very low energy photons and not in the y-ray region; 2) Compton
scattering, a photon is elastic scattered by an atom electron and transfers a portion of its
energy to the electron to cause an ejection of the electron from the atom orbital, which is
predominant for medium energy of magnitude from 0.1 to 1 MeV; 3) photoelectric effect,
a photon knocks out an electron from the atom and transfer all of its energy to the electron
so its own existence terminates, which is the dominant energy loss mechanism for photons

of smaller than 50 keV energy but still important up to several MeV; 4) pair production, a
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photon with greater than 1.02 MeV energy converts into an electron and a positron. Since
Compton scattering is the dominant process in the region where most radiation is emitted,
an additional bismuth germanium oxide (BGO) detector is placed between the HPGe in

Gammasphere to detect and reject Compton events. See Fig. 4.3

Detector Electronics

BGO Suppressor Plug

Hevimet
Shield

L BGO Suppressor
S Shield | Support

Gaénma—ray E | <€————— Hemisphere
o “'\

Figure 4.3: A cross section schematic of Gammasphere

4.1 Gammasphere Efficiency

The efficiency of Gammasphere is about 10% with a peak to total ratio of 0.6% at

1.33 MeV. The energy calibration is fitted to a polynomial below using standard sources
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during the November run because it covers the all energy region. As mentioned above, the

difference between the August and November runs are quite small and neglected.

E = a+bN + cN? + dN? 4.1)

where E is energy and N is the Analog-to-Digital Converter (ADC) channel number. The

fitted parameters are listed in Table 4.1]

Table 4.1: Parameters of energy calibration. Note that there is a difference between the
values reported here and the ones reported in [43] and [44].

al-049114
b | 0.33367

c | -8.3173x10°8
d | 5.1986x1012

The standard deviation for the energy calibration is 0.06 keV. The influence of the
drifted detector 72 is quite small. In all, the error bar for the measured y-ray energies can
be treated as 0.1 keV. A simplified calibration can use 0, 0.33333 as calibration parameters
and increase the error bar to 0.5 keV.

The relative efficiency for the 2000 experiment is fitted to the equation below using the

relative y-ray intensities obtained from 2>Cf fission fragments.
ef f = exp[(A+Bx+Cx*) ™M+ (D+Fy+Gy?) H]~V/H (4.2)

where x = Ln(E/100) with E as energy in keV, and y = Ln(E/1000) and A to H are param-
eters. The old fitted parameters are listed in Table. [4.2] and the new fitted parameters are
listed in Table.[4.3] For the new efficiency calibration, the x-ray intensity is included which
caused the difference at low energy. The new efficiency calibration is only valid from 0 to
400 keV. Figure [4.4] shows the comparison of between the old and the new efficiency pa-

rameter fits. The summation of the single coincidence (from the acquisition mode) y-rays
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Table 4.2: Old parameters of efficiency calibration [43] and [44]]

14.1597
9.18559
-2.7907
6.36297
-0.65056
0.0
2.09765

T QT T QW >

Table 4.3: New parameters of efficiency calibration for low energy region (below 150 keV).

13.47327
3.37105
-3.25405
6.66301
-0.28723
0.0
3.56961

T QT g Ol w >

from the standard sources was used to do the efficiency calibration. This procedure is not
quite accurate in principle because the efficiency of each detector varies (quite differently

at low energy).
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Chapter 5

Chiral vibrations and Collective Bands in 194:19Mo

5.1 Introduction To Chirality

A basic property of atomic nuclei is its shape, which governs its various static as well
as dynamic properties, and depends on the interaction among its constituents (protons and
neutrons). Shapes ranging from spherical to tetrahedral are predicted across the nuclear
landscape. The evolution of nuclear shapes as a function of angular momentum and isospin
is of prime importance in nuclear structure studies [45]. There is a predominance of prolate
over oblate shapes for the ground state of even-even axially deformed nuclei [46,47]. They
also display an axially symmetry at low spins. Most deformed nuclei are axially symmetric
at low spins. The collective rotation is then possible only about the axis perpendicular to
the symmetry axis. However, some nuclei are found to have triaxial shapes. For a triaxial
nucleus, there is a possibility of rotation around any of the principal axes. There has been
much of interest in understanding the role of triaxiality on the interesting phenomena like
wobbling and chirality. In the present work, the focus will be on chirality.

Deviations from axial symmetry and the existence of triaxial “rigidly deformed” nuclei,
first predicted in the late 50’s, were assumed to be commonly possible [48] 49]. There
have been a sustained experimental and theoretical efforts to establish the signature of
triaxial shapes of nuclei of various mass regions. Most of these nuclei were found to exhibit
vibrational modes or “softness” with respect to the triaxiality parameter y [50, 51} 52]. The
rotation of triaxial nuclei has been suggested to be manifested as chiral partner bands [53],
which initiated several experimental investigations [[11} |54, 53] in recent years. Various
phenomena related to triaxial shapes of nuclei, like y-vibrations [56]], chiral symmetry [S7]],
and wobbling modes [58]], have been successfully described using the triaxial projected

shell mode (TPSM) (see section [5.2.4)).
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As mentioned above, among the various phenomena exhibited by triaxial shaped nuclei
is charality, and this will be discussed at great length in the present work. The word “chiral”
is a word of Greek origin, “chair”, which means “hand”. Chirality is the study of handed-
ness, right-handed and left-handed symmetry. Systems that can form right- and left-handed
systems on reflection are chiral. For a long time, chiral structures have been of interest in
complex molecules and elementary particles. However, the nucleus had long been thought
to be achiral until Frauendorf and collaborators predicted the chiral symmetry breaking in
rotating atomic nuclei with well-deformed triaxial shapes [7, 59]. The simplest case for
chirality is an odd-odd triaxial nucleus where the total angular momentum vector is out of
the three principal planes spanned by the three axes, and consequently there are significant
components of angular momentum along each of the three axes. In such an odd-odd triax-
1al nucleus, when a high j particle aligns along the short axis (with Fermi level lying in the
lower part of a valence particle high j subshell), a high j hole along the long axis z (with
Fermi level lying in the upper part of a valence particle high j subshell), and the rotational
angular momentum along the intermediate axis, the three angular momentum vectors may
couple to each other in a right- or left-handed way generating a chiral, right-or left-handed,
system in the intrinsic frame.

Well deformed triaxial deformations and configuration criteria are thus the characteris-
tic conditions for generating chiral symmetry breaking in rotating nuclei. The spontaneous
formation of the right- and left-handed system in a nucleus would give rise to nearly de-
generate Al = 1 doublet bands in the laboratory frame. These chiral doublet bands exhibit a
series of fingerprints [[60, 9]: (a) Near energy degeneracy observed for partner levels, levels
of the same spin/parity; (b) Similar structure, consequently similar electromagnetic proper-
ties such as B(E2)/B(M1) ratios for partner levels; (c) Constant with spin and equal values
of the energy staggering parameter S(I) = [E(I)-E(I-1)]/2I for the two doublet bands, being

due to the reduction of Coriolis interaction in the chiral doubling. In contrast to the ideal
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case generating chiral rotation, the still noticeable energy differences between the partner
levels of the chiral doublet bands point to a dynamical character of chirality.

In contrast to the case of odd-odd nuclei, for the even-even nuclei, the observation
of chiral symmetry breaking seems to further exemplify the general geometric character
of chiral symmetry breaking [59]], because the non-planar geometry of rotation cannot be
directly related to the alignment of high j particles and high j holes with different principal
axes [13]].

Chiral nuclei have been suggested experimentally in A ~ 80 [61} 162], A ~ 100 [9, [10,
11,113, [150163) 164, 165, 166, 167, 168, 169, [70], A ~ 130 [54, 71}, [72, 73], A ~ 190 [74, [75] mass
regions. In recent years, the soft triaxial ' Mo was suggested to have chiral doublet bands
[2]], where chirality is generated by neutron hy; / particle and mixed ds /5, g7/2 hole coupled
to the short and long axis, respectively. The same chiral configurations were identified in
108,110,112Ry; (T3]

Because of these discoveries, we were prompted to investigate the presence of chiral
bands in '%*Mo given its similarity in band structure with '°°Mo. For instance, both nu-
clei have one-and two-phonon gamma vibrational bands which indicate the softness with
respect to triaxial deformations [76, [77]. In these soft nuclei, nuclear shapes may be driven
to stable triaxiality due to the excitation of quasi-particles [39, [78]. In the present work,
we find the candidates for chiral doublet bands in !®*Mo with more degenerate energies for
states of the same spin (~60 keV) than in 106Mo (~100 to 140 keV) [2]]. Close agreement

of the levels of the same spin states in the two bands are a fingerprint for chiral bands.

5.2 Discussion and Results
5.2.1 %Mo Spectra

In %Mo, the ground state band (1) and 7y-vibrational band (2) have been confirmed.
The two phonon ¥ vibrational band (3) levels have been extended and reassigned. In

Ref. [79], the 8" to 6T transition of the two phonon v vibrational band was reported as
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Figure 5.1: Partial y-ray coincidence spectra by gating on 499.9 and 771.1 keV transitions
in 1%Mo. New transitions are labeled with an asterisk. Fission partner transitions are
labeled with neutron evaporation numbers. Here 3n, 4n, 5Sn denote 14954, 144Ba and !4’ Ba,
respectively.

601.6 ke V. This transition is replaced by a 597.3 keV transition in the current work. Fig.[5.]
shows 7y-ray coincidence spectrum by gating on the 499.9 and 771.1 keV transitions. In this
spectrum, the 597.3 and 667.8 keV are E2 new transitions and the 308.0 keV M1 is new
transition in band (3) and can be seen. The previous reported 601.6 keV in Ref. [79] lies

on the 600 keV neutron platform on the right of the 597.3 keV peak in Fig.[5.1]
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Figure 5.2: Partial level scheme of °*Mo obtained in the current work. New energies and

transitions are labeled in red.
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Table 5.1: Level energies and y-ray energies of **Mo obtained in the current work. Here
E;, Ef, Ey, Iy and B correspond to initial level energy, final level energy, y-ray energy, y-ray
intensity and band number, respectively. The y-ray intensities are normalized to the 192.0
keV one. New levels and transitions are labeled with an asterisk.

Initial Level Final Level
Ei(keV) J* B E,(keV) L, Er(keV) J7 B
0.0 0+ 1
192.0 2+ 1 192.0 100(5) 0.0 0+ 1
560.5 4+ 1 368.5 83(4) 192.0 2+ 1
812.0 2+ 2 620.0 6.2(3) 192.0 2+ 1

812.0 5.1(3) 0.0 0+ 1
1027.5 3+ 2 2154 <0.4 812.0 2+ 2
467.1 1.0(1) 560.5 4+ 1
835.5 9.8(5) 192.0 2+ 1
1079.8 6+ 1 519.3 53(3) 560.5 4+ 1
1214.5 4+ 2 402.5 1.0(1) 812.0 2+ 2
187.0 <0.18 1027.5 3+ 2
654.0 6.2(3) 560.5 4+ 1
1022.4 3.8(2) 192.0 2+ 1
1475.2 S5+ 2 260.6 0.27(6) 1214.5 4+ 2
3954 0.18(6) 1079.8 6+ 1
447.5 2.7(1) 1027.5 3+ 2
914.9 6.4(3) 560.5 4+ 1
1583.1 4+ 3 368.6 2.0(2) 1214.5 4+ 2
555.6 2.7(2) 1027.5 3+ 2
771.1 6.1(3) 821.0 2+ 2
1391.0 0.24(3) 192.0 2+ 1
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Table 5.1 — continued.

Initial Level

Final Level

EikeV) 7 E/keV) I, EskeV)  J7 B
17214 8+ 641.6 2.2(1) 1079.8 6+ 1
17242 6+ 249.0 0.4(1) 1475.2 5+ 2
509.8 2.9(2) 1214.5 4+ 2
644.3 1.8(1) 1079.8 6+ 1
1163.8 2.2(1) 560.5 4+ 1
17902 4 1229.7 0.77(5)  560.5 4+ 1
18237 5+ 240.5 3.9(4) 1583.1 4+ 3
348.5 0.58(6) 1475.2 5+ 2
609.3 1.4(1) 1214.5 4+ 2
796.1 2.92) 1027.5 3+ 2
1263.2 0.403)  560.5 4+ 1
1883.1 5 803.3 1.2(1) 1079.8 6+ 1
1322.6 1.7(1) 560.5 4+ 1
20363 7+ 561.0 4.0(3) 1475.2 5+ 2
956.6 2.1(1) 1079.8 6+ 1
2060.6  4- 477.4 22(2) 1583.1 4+ 3
846.4* 0.52(8) 1214.5 4+ 2
1033.1 0.05(1) 1027.5 3+ 2
2083.1  (6+) 259.3 1.1(1) 1823.7 5+ 3
358.9 0.6(1) 1724.2 6+ 2
499.9 1.5(1) 1583.1 4+ 3
607.8 0.63(4) 1475.2 5+ 2
868.8 0.81(6) 1214.5 4+ 2
1522.7 0382)  560.5 4+ 1
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Table 5.1 — continued.

Initial Level

Final Level

EikeV) 7 E/keV) I, EskeV)  J7 B
2179.6  6- 389.2* 0.0212)  1790.2 4- 6
1099.8 1.6(1) 1079.8 6+ 1
2115  5- 150.8 1.6(2) 2060.6 4- 4
387.8 1.7(2) 1823.7 5+ 3
628.3 1.3(1) 1583.1 4+ 3
997.2 0.34(3) 1214.5 4+ 2
22765 (5-) (215.9)* 2060.6 4- 4
1062.0°  0.11(2) 1214.5 4+ 2
23047  (7) 421.6 1.4(1) 1883.1 5 7
583.3 2.2(1) 1721.4 8+ 1
1224.9 2.8(1) 1079.8 6+ 1
2326.1 (84 601.9 3.33) 1724.2 6+ 2
604.8 0.7(1) 1721.4 8+ 1
1246.2 0.93(5) 1079.8 6+ 1
23723 (79 289.6 1.3(3) 2083.1 6+ 3
548.6 1.4(2) 1823.7 5+ 3
648.4* 0.41(9) 1724.2 6+ 2
896.9 0.20(4) 1475.2 5+ 2
23957 (6 184.3 0.754) 22115 5- 4
335.0 0302)  2060.6 4- 4
571.9 0.8(2) 1823.7 5+ 3
920.6 0.25(2) 1475.2 5+ 2
13159 0.24(1) 1079.8 6+ 1
2455.1 10+ 733.7 7.8(4) 1721.4 8+ 1
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Table 5.1 — continued.

Initial Level

Final Level

EikeV) 7 E/keV) I, EskeV)  J7 B
24572 (6) 982.0* 0.22(2) 1475.2 5+ 2
2478.1%  (4) 14507 0.22(1) 1027.5 3+ 2
1917.5*  0292)  560.5 4+ 1
2483.0* (64 659.3* 0.29(4) 1823.7 5+ 3
899.9* 0.71(7) 1583.1 4+ 3
2611.1 (7 215.2 038(2) 23957 (6-) 4
399.5 0.18(1) 22115 5- 4
5283 0359)  2083.1 6+ 3
886.9* 0.29(4) 1724.2 6+ 2
1531.3*  0.17(1) 1079.8 6+ 1
2668.9%  (7-) 211.7* 0.026(2) 24572 (6-) 5
392.4* 0.05(1) 22765 (5-) 5
944.7* 0.10(2) 1724.2 6+ 2
2680.4*  (8+) 308.0* 0.4(1) 2372.3 79 3
597.3* 1.4(3) 2083.1 6+ 3
956.2* 0.27(4) 1724.2 6+ 2
26824 (94 646.1 2.6(2) 2036.3 7+ 2
961.0 0.71(4) 1721.4 8+ 1
2697.5*  (7+) 214.4* 0.8(1) 2483.0 6+ 8
873.9* 0.5(1) 1823.7 5+ 3
2706.4 8- 526.6 0323)  2179.6 6- 6
985.1 1.1(1) 1721.4 8+ 1
28638 (8- 252.4 0.152)  2611.1 (7-) 4
468.2 0.18(1) 23957 (6-) 4
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Table 5.1 — continued.

Initial Level

Final Level

EikeV) 7 E/keV) I, EskeV)  J7 B
827.7 0.06(1)  2036.3 7+ 2
28660  (9) 561.3 3.7Q2) 2304.7 (7) 7
1144.7 0.61(3) 1721.4 8+ 1
2032.1*  (8) 263.2* 0.0142)  2668.9 (7-) 5
474.9* 0.028(2)  2457.2 (6-) 5
895.8* 0.11(1)  2036.3 7+ 2
2935.3*  (7) 1855.5*  0.39(3) 1079.8 6+ 1
2053.8* (84 256.3* 0.3(1) 2697.5 7+ 8
30049  (104) 678.8 1.8(2) 2326.1 @ 2
1283.6 0.26(2) 1721.4 8+ 1
30087  (9+) 636.4 0.7(3) 2372.3 79 3
972.6* 0.152)  2036.3 7+ 2
3050.2*  (6) 572.1% 0.182)  2478.1 (4)
1167.1*  0.40(3) 1883.1 5 7
19704*  0.07(2) 1079.8 6+ 1
2489.7%  0.6(1) 560.5 4+ 1
31300 (8) 825.3* 0222) 23047 7 7
950.4* 0.04(1)  2179.6 6- 6
1408.6 0.44(2) 1721.4 8+ 1
31450 (9-) 281.4* 0.10(1)  2863.8 (8-) 4
533.7* 0.091)  2611.1 (7-) 4
32545 (124) 799.4 2.2(1) 2455.1 10+ 1
33482F  (104) 667.8* 0.6(3) 2680.4 @+ 3
1022.1*  0.112) 23261 @ 2




Table 5.1 — continued.

Initial Level

Final Level

EikeV) IT B EykeV) I, EfkeV) J7 B
3358.1 10- 6 6519 0.32(5) 2706.4 8- 6

902.8 0.39(2) 2455.1 10+ 1
3396.0 (114) 2 7136 1.4(1) 2682.4 (9+) 2

940.4 0.20(2) 2455.1 10+ 1
34215 (9) 486.2 0.07(1) 2935.3 (7)

1700.1*  0.09(1) 1721.4 8+ 1
3554.6 (11) 7 6886 1.3(1) 2866.0 9) 7
3700.0 (10) 570.0 0.25(6) 3130.0 (8)

1244.9*  0.05(1) 2455.1 10+ 1
37144  (114) 3 705.7* 0.3(1) 3008.7 (9+) 3
3765.4 (124) 2 7605 0.75(9) 3004.9 (10+4) 2
4114.4 (12) 6 7563 0.14(3) 3358.1 10- 6
4115.4 (144) 1 8609 0.58(6) 3254.5 (12+4) 1
4183.2 (13+) 2 7872 0.28(3) 3396.0 (11+4) 2
4357.1 (13) 7 8025 0.16(4) 3554.6 (11) 7
4625.9 (144) 2 860.5 0.15(3) 3765.4 (124) 2
4971.4*  (14) 6  (857.0)* 4114.4 (12) 6
5060.8 (164) 1 9454 0.08(1) 4115.4 (14+4) 1
5061.5 (164) 2 8783 0.04(1) 4183.2 (13+) 2
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Figure 5.3: Partial level scheme of '°®Mo obtained in the current work. New energies

levels and transitions are labeled in red. Note the 1936.6 keV level is placed in band (5) but
assigned to band (4) from the current calculation.
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Table 5.2: Level energies and y-ray energies of '°°Mo obtained in the current work. Here
E;, Ef, Ey, Iy and B correspond to initial level energy, final level energy, y-ray energy, y-ray
intensity and band number, respectively. The y-ray intensities are normalized to the 171.5
keV one. New levels and transitions are labeled with an asterisk.

Initial Level Final Level
Ei(keV) JT B E,(keV) L, E/(keV) J7 B
0.0 0+ 1
171.5 2+ 1 171.5 100(5) 0.0 0+ 1
522.0 4+ 1 350.5 73(4) 171.5 2+ 1
710.3 2+ 2 538.8 8.8(4) 171.5 2+ 1

710.3 10.3(5) 0.0 0+ 1
885.0 3+ 2 174.7 0.24(5) 710.3 2+ 2
363.4 0.88(9) 522.0 4+ 1
713.5 21(1) 710.3 2+ 2
1033.0 6+ 1 511.0 46(2) 522.0 4+ 1
1067.4 4+ 2 182.2 0.29(6) 885.0 3+ 2
357.1 3.4(2) 710.3 2+ 2
5454 6.5(4) 522.0 4+ 1
896.0 7.4(4) 171.5 2+ 1
1149.7 (2+) 9 978.2 1.3(1) 171.5 2+ 1
1149.7 0.84(6) 0.0 0+ 1
1306.6 5+ 2 238.9 0.50(6) 1067.4 4+ 2
273.6 0.18(1) 1033.0 6+ 1
421.6 7.5(4) 885.0 3+ 2
784.6 9.3(5) 522.0 4+ 1
1434.6 4+ 3 367.2 0.4409) 1067.4 4+ 2
549.5 3.8(2) 885.0 3+ 2
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Table 5.2 — continued.

Initial Level

Final Level

Ei(keV) J” B EykeV) I, EfkeV) J7 B
7243 9.8(5) 710.3 2+ 2
1536.1 (4+) 9 386.4 0.90(5) 1149.7 2+) 9
1014.1 1.8(1) 522.0 4+ 1
1364.6 1.8(1) 1715 2+ 1
1562.9 6+ 2 2564 0.61(6) 1306.6 5+ 2
495.5 7.5(4) 1067.4 4+ 2
530.0 3.0(2) 1033.0 6+ 1
1040.8 2.5(2) 522.0 4+ 1
1657.5 5+ 3 2229 2.0(1) 1434.6 4+ 3
350.9 1.6(2) 1306.6 5+ 2
590.1 3.4(2) 1067.4 4+ 2
772.5 6.7(3) 885.0 3+ 2
1687.9 8+ 1 654.9 17(1) 1033.0 6+ 1
1719.1 (3+) 10 834.1* 0.08(3) 885.0 3+ 2
1008.9 049(6) 7103 2+ 2
1197.1*  0.11(2) 522.0 4+ 1
1547.6*  0.26(2) 1715 2+ 1
1817.0 3-) 5 932.0 0.53(3) 885 3+ 2
1106.7 1.7(1) 710.3 2+ 2
1867.6 7+ 2 561.0 5.43) 1306.6 5+ 2
834.6 3.1(3) 1033.0 6+ 1
1909.9 6+ 3 252.2 1.3(1) 1657.5 5+ 3
475.3 2.42) 1434.6 4+ 3
603.3 2.3(3) 1306.6 5+ 2
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Table 5.2 — continued.

Initial Level

Final Level

Ei(keV) " E/keV) 1, E/keV) J7 B
842.6 2.6(2) 1067.4 4+ 2
1936.6 4-) 869.3 0.72(5) 1067.4 4+ 2
1051.6 1.1(1) 885.0 3+ 2
14146  0.12(3)  522.0 4+ 1
1952.0 5- 294.5 0.19(3) 1657.5 S5+ 3
517.4 5.7(3) 1434.6 4+ 3
884.6 <0.28 1067.4 4+ 2
2014.1 (6+) 478.1 3.02) 1536.1 @4+ 9
981.1 0.70(5) 1033.0 6+ 1
1492.1 1.3(1) 522.0 4+ 1
2090.2 (5-) 138.4 0.10(1) 1952.0 5- 4
153.7 0.26(3) 1936.6 (4-) 5
273.2 0.38(4) 1817.0 3-) 5
783.7 1.5(1) 1306.6 5+ 2
1022.7 2.2(1) 1067.4 4+ 2
1057.0  0.22(2) 1033.0 6+ 1
1568.2*  0.13(2)  522.0 4+ 1
2138.5* 4- 1616.5*  1.6(1) 522.0 4+ 1
2142.1 6- 190.2 2.3(1) 1952.0 5- 4
205.8 0.22(1) 1936.6 (4-) 5
232.2 0.91(7) 1909.9 6+ 3
484.6 5.3(3) 1657.5 5+ 3
835.5* 0.6(1) 1306.6 S5+ 2
2146.6 (5-) 11136 0.87(7) 1033.0 6+ 1
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Table 5.2 — continued.

Initial Level

Final Level

Ei(keV) J” B EykeV) I, EfkeV) J7 B
1624.6 0.88(6) 522.0 4+ 1
2157.9* (5+) 10 438.8* 0.27(5) 1719.1 (3+) 10
851.3* 0.13(3) 1306.6 5+ 2
1090.4*  0.61(6) 1067.4 4+ 2
1635.9*  0.12(2) 522.0 4+ 1
2193.7 (8+) 2 505.9 1.1(1) 1687.9 8+ 1
630.8 5.9(3) 1562.9 6+ 2
1160.8 0.81(6) 1033.0 6+ 1
2198.2 4- 6 1676.2 0.8(2) 522.0 4+ 1
2199.5 7+ 3 289.6 1.3(1) 1909.9 6+ 3
542.0 1.8(1) 1657.5 5+ 3
636.6 0.81(6) 1562.9 6+ 2
892.9 0.79(7) 1306.6 5+ 2
2275.9 (6-) 5 185.8 0.29(2) 2090.2 (5-) 5
324.2* 0.10(2) 1952.0 5- 4
339.3 0.76(5) 1936.6 (4-) 5
712.9 2.0(2) 1562.9 6+ 2
969.4 1.4(1) 1306.6 5+ 2
1242.9 0.50(4) 1033.0 6+ 1
2302.6 (5-) 8 164.1* 0.05(1) 2138.5 4- 8
1269.6 0.30(2) 1033.0 6+ 1
1780.6 1.9(1) 522.0 4+ 1
2368.5 7- 4 2263 2.2(1) 2142.1 6- 4
278.3* 0.13(1) 2090.2 (5-) 5
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Table 5.2 — continued.

Initial Level

Final Level

EikeV)  J7 E/keV) 1, E/keV) J7 B
416.6 2.9(2) 19520  5- 4
458.6 2.3(2) 19099 6+ 3
805.6* 0.67(6) 15629 6+ 2
13357 0.32(4) 10330 6+ 1
2368.9 6) 1335.9* 0295 10330 6+ 1
2471.6 10+ 783.7 3.0(2) 16879 8+ 1
2496.2* 6- 193.6* 03602 23026  (5) 8
298.0* 0.13(1) 21982 4 6
3541 0.122) 21421 6- 4
357.7* 0.61(4) 21385 4 8
544.2* 0.08(1) 19520  5- 4
1189.6*  0.242) 13066 5+ 2
14632%  0.08(1) 10330 6+ 1
24983 (7-) 1298  0.152) 23685 7 4
2222 0.67(5) 22759 (6 5
408.2 2.1(1) 20902 (5 5
810.4*  0.112) 16879 8+ 1
935.3 0.84(7) 15629 6+ 2
2521.4 (8+) 321.9 1.2(1) 21995 7+ 3
611.5 23(2) 1909.9 6+ 3
958.6* 031(4) 15629 6+ 2
2558.2 9+) 690.6 2.4(3) 18676 7+ 2
870.4 0293)  1687.9 8+ 1
2560.9* 6- (362.7)" 21982 4 6
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Table 5.2 — continued.

Initial Level

Final Level

Ei(keV) " B EykeV) I, EfkeV) T B
1527.9*  0.93(6) 1033.0 6+ 1
2565.1 8) 9 5510 2.72) 2014.1 6+) 9
877.3 0.36(3) 1687.9 8+ 1
1532.3 0.64(8) 1033.0 6+ 1
2565.6 (7-) 7 4190 043(4)  2146.6 (5-) 7
877.9 0.25(2) 1687.9 8+ 1
15327 0.75(7) 1033.0 6+ 1
2628.7 (8-) 4 2603 1.5(1) 2368.5 7- 4
4292 0.66(6)  2199.5 7+ 3
486.6 42(2) 2142.1 6- 4
(761.1)* 1867.6 7+ 2
2671.4* (7+) 10 513.5* 0.7(1) 2157.9 (5+) 10
1638.4*  0.26(5) 1033.0 6+ 1
2712.8 (7-) 8  216.6* 0.017(2)  2496.2 6- 8
410.2 0.66(4)  2302.6 (5-) 8
(436.9)* 2275.9 (6-) 5
1024.9 <0.17 1687.9 8+ 1
1679.8 1.3(1) 1033.0 6+ 1
2746.2 (8-) 5 247.5 0.36(4) 24983 (7-) 5
470.2 2.3(2) 2275.9 (6-) 5
552.5* 0.12(6)  2193.7 8+ 2
878.3 0.16(3) 1867.6 7+ 2
1058.4 0.27(2) 1687.9 8+ 1
2877.4 (9+) 3 677.9 2.2(1) 2199.5 7+ 3
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Table 5.2 — continued.

Initial Level

Final Level

Ei(keV) J” B EykeV) I, EfkeV) J7 B
2920.9* (8) 552.1* 0.12(5) 2368.9 (6)
1233.0*  0.29(2) 1687.9 8+ 1
1887.9*  0.18(2) 1033.0 6+ 1
2921.1 (9-) 4 2924 0.55(3) 2628.7 (8-) 4
552.6 3.2(2) 2368.5 7- 4
2949.7 (104) 2 7560 2.7(3) 2193.7 (8+) 2
1261.9 <0.08 1687.9 8+ 1
2976.9* 8- 8 264.1* 0.17(1) 2712.8 (7-) 8
480.7* 0.87(5) 2496.2 6- 8
1109.3*  0.07(1) 1867.6 7+ 2
1289.0  0.05(1) 1687.9 8+ 1
3040.7 9-) 5 294.1 0.22(3) 2746.2 (8-) 5
542.4 1.9(1) 2498.3 (7-) 5
3080.4* 8- 6  519.5* 0.47(3) 2560.9 6- 6
1392.5*  0.18(4) 1687.9 8+ 1
3131.6 9-) 7 566.0 0.77(8) 2565.6 (7-) 7
1443.7 0.80(6) 1687.9 8+ 1
3183.9 (104) 9 618.8 1.8(2) 2565.1 8+ 9
3237.8 (10-) 4 3166 0.17(1) 2921.1 (9-) 4
609.1 1.5(2) 2628.7 (8-) 4
3249.9* (9+) 10 578.5* 0.6(1) 2671.4 (7+) 10
1562 <0.03 1687.9 8+ 1
3253.0 9-) 8 276.1* 0.08(1) 2976.9 8- 8
540.2 0.73(4) 2712.8 (7-) 8
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Table 5.2 — continued.

Initial Level

Final Level

Ei(keV) J” B EykeV) I, EfkeV) J7 B
1565.1 0.22(5) 1687.9 8+ 1
3264.7 (10+) 3 7433 1.0(2) 2521.4 (8+) 3
3349.6 (10-) 5 308.9 0.23(2) 3040.7 (9-) 5
603.4 1.5(1) 2746.2 (8-) 5
720.9* 0.15(2) 2628.7 (8-) 4
3369.0 12+ 1 897.4 0.6(1) 2471.6 10+ 1
3369.2 (11+4) 2 811.0 0.38(6) 2558.2 (9+) 2
3591.3 (11-) 4 3535 0.10(2) 3237.8 (10-) 4
670.2 0.79(6) 2921.1 (9-) 4
3599.6* (10-) 8 622.7* 0.34(9) 2976.9 (10-) 8
3682.2 (11+) 3 804.8 0.20(3) 2877.4 (9+) 3
3706.6 (11-) 5 357.0 0.17(2) 3349.6 (10-) 5
665.9 0.79(7) 3040.7 (9-) 5
3730.4* (10-) 6  650.0* <0.1 3080.4 8- 6
(3786.5  (124) 9 (602.6)* 3183.9 (10+) 9
3809.5 (124) 2 859.8 0.35(5) 2949.7 (104) 2
3842.0 (11-) 7 7104 <0.7 3131.6 (9-) 7
3882.0* (11+) 10 632.1* 0.09(3) 3249.9 (9+) 10
3927.9 (11-) 8 674.9 0.28(4) 3253.0 (9-) 8
3945.1 (12-) 4 3538 0.027(6)  3591.3 (11-) 4
707.3 0.65(8) 3237.8 (10-) 4
4092.1* (12-) 5 742.5* 0.29(4) 3349.6 (10-) 5
(4133.2)  (124) 3 (868.5) 3264.7 (10+) 3
4291.0 (134) 2 9218 0.03(1) 3369.2 (11+4) 2
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Table 5.2 — continued.

Initial Level Final Level
Ei(keV) JT B E,(keV) L, E/(keV) 7 B
4361.7 14+ 1 992.7 0.10(2) 3369.0 12+ 1
4370.3 (13-) 4 779.0 0.12(2) 3591.3 (11-) 4
(4751.2) (14-) 4 (806.1) 3945.1 (12-) 4
(4756.6) (14+) 2 (947.1) 3809.5 (12+) 2

Fig. [5.4] depicts the high energy part of spectra by gating on: (a) 192.0 keV ground
state band transition and 914.9 keV depopulating the 1475 keV 5T level of band (2), and
(b) 835.5 keV transition depopulating the 37 level of band (2) and 447.5 keV transition in
band (2). Transitions populating the 1475 keV 5T level of band (2) should be observed in
both of these two parts. In those two spectra, the 827.7 and 920.6 keV transitions decaying
from band (4) to band (2), the 895.8 and 982.0 keV transitions decaying from band (5) to
band (2), and 896.9 and 972.6 keV transitions decaying from band (3) to band (2) can be
seen. In our data, there are global 896, 1014, 1039 keV contamination transitions in almost
any coincidence spectra. The 895.8 and 896.9 keV transitions overlap in the spectra in
Fig.[5.4 However, those two transitions are populating different states — 7+ and 5+ in band
2, respectively. The 895.8 keV transition can be identified from the 561-447 keV gate (not
shown in the paper) with such 1 keV energy difference. The 1195.4 keV peak is a transition
depopulating the 2671 keV level, as reported in previous f3-decay work [80]. The 1180.7
keV transition is a new one decaying from the 2656 keV level to the 1475.2 keV level.
The 2656 keV level was reported previously in Ref. [[79, 80]. Note the 1180,1195 keV
transitions and 2656, 2671 keV levels are not placed in the 104Mo level scheme in Fig.
This is because these levels do not belong to any band structure in the current work. The
808 keV contamination peak in part (a) comes from the coincidence of the 808 and 915

keV ground state band transitions in 1490Bq, as reported in Ref. [81} 82, 83]].
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Figure 5.4: Partial y-ray coincidence spectra by gating on (a) 192.0 and 914.9 keV transi-
tions and (b) 835.5 and 447.5 keV transitions in '%Mo. New transitions are labeled with
an asterisk. Contamination transitions are labeled with a “c”. Note that the 1180 and 1195
keV transitions are not placed in the level scheme.
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Figure 5.5: Partial y-ray coincidence spectra by gating on (a) 192.0 and 982.0 keV tran-
sitions and (b) 192.0 and 1022.4 keV transitions in 1%Mo. New transitions are labeled
with an asterisk. Contamination transitions are labeled with a "c". Note that the 706.4 and
1085.7 keV transitions in part (b) are not placed in the level scheme. Here 2n, 3n, 4n, 5n
and 6n denote '*0Ba to '4?Ba, respectively.
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Fig. provides more evidence for band (5) in !%*Mo. The spectrum in part (a) shows
a gate on 192.0 and 982.0 keV. One can see the new 211.7, 263.2 and 474.9 keV transitions
populating the (67) level in band (5). Part (b) is a spectrum gated on 192.0 and 1022.4
keV transitions at high energy region. In this spectrum, one can see the new 648.4, 706.4,
846.4, 886.9, 944.7, 956.2, 1022.1, 1062.0 and 1085.7 keV transitions. The 846.4, 868.8,
997.2 and 1062.0 keV transitions are directly populating the 41 state in band (2). The
648.4, 886.9, 944.7 and 956.2 keV transitions are directly populating the 6 state in band
(2). The 1022.1 keV transition populates the (8") state in band (2). The 706.4 and 1085.7
keV transitions depopulate from non-band levels. Thus, they are not included in Fig.

Band (6) in '%*Mo was reported in Ref. [79]. Band (7) in 104Mo was reported in
Ref. [[79, 84, 85]. This band (6) is reassigned as possible negative parity. In our data,
we do not see the J to J-2 transitions in Ref. [/9]. In detail, the even spin levels in band (6)
only decay to the same spin ground state band levels, e.g the transition from 2179.6 keV
6~ level to the 560 41 keV transition is not seen in the data.

The new band (8) in %Mo is tentatively assigned as a three phonon y-vibrational band.
This is because of the proposed tentatively assigned 67 band head based on decay pattern
and energy spacing. Also, this band only decays to the two phonon y-vibrational band.
However, this band could be another quasiparticle band. More work is needed to understand

the structure and configuration of this band.

522 %Mo Spectra

In %Mo, the ground state band (1) and y-vibrational band (2) and the two phonon y
vibrational band (3) levels have been confirmed. A band with a (57) bandhead at 2302.9
keV was reported in Ref. [/9]. In the current work, the even spin levels of this band have
been identified. The bandhead of the even spin of band 8 is reassigned as the 4~ at 2138.5
keV level based on the absence of the energetically favored decay to the 2% state and the

2302.6 keV level as 5. Likewise, from the decay pattern, this band (6) is assigned as
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Figure 5.6: Partial y-ray coincidence spectra by summing three gates on 171.5 and 350.5
keV, 350.5 and 511.0 keV, and 511.0 and 654.9 keV transitions in the ground state band
of '%Mo. Here O represents the transitions populating the 41 level of the g.s. band, A
denotes the transitions populating the 6™ state of the g.s. band, V represents the transitions
populating the 87 state of the g.s. band. New transitions are labeled with asterisks. Con-
tamination transitions are labeled with a “c”. Here 2n represents transitions in '**Ba. Note
that the 1359.5 and 1633.4 keV transitions are not placed in the level scheme.

(47). Figs. and|5.7| give evidence for this band structure. In Fig. from a summation
of three gates on the ground state band in 106Mo, one can see the 1269.4 and 1679.8 keV
transitions previously reported in Ref. [[79] decaying from band (8) to the ground state
band. The new 1289.0, 1463.2 and 1616.5 keV transitions decaying from band (8) to the
ground state band are also seen in this spectrum. Other 1335.7, 1335.9, 1359.5, 1527.9,
1633.4, 1635.9 keV new transitions are also seen in this gate. The 1359.5 and 1633.4 keV
transitions are real but not placed in the level scheme in Fig.[5.3] The 1351 and 1569 keV
transitions from '“*Ba were identified previously in Ref. [82,86]. Fig.|5.7|(a) and (b) show
evidences for the M1 and E2 transitions in band (8). In Fig. (a) with a gate on 1780.6,
350.5 and 171.5 keV transitions, the new 193.6 (6~ to 57), 216.6 (7~ to 67) and 264.1
keV (8 to 77) M1 transitions in band (8) can be seen. In part (b) by gating on the 1616.5,
350.5 and 171.5 keV transitions, the new 164.1, 193.6 and 216.6 keV M1 transitions, as
well as the new 357.7, 480.7 and 622.7 keV E2 transitions in band (8) can be seen.

The evidence for band (6) is shown in Fig. By gating on the 1527.9 keV linking

transitions from band (6) to g.s. band (1), and the 350.5 and 511.0 keV transitions in
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Figure 5.7: Partial y-ray coincidence spectra in '°°Mo (a) by gating on the 1780.6, 350.5
and 171.5 keV transitions, and (b) by gating on the 1616.5, 350.5 and 171.5 keV transitions.
New transitions are labeled with an asterisk. Fission partner transitions are labeled with
neutron evaporation numbers. Namely, 2n, 3n, 4n denote 144B,, 143Bg, 142B,, respectively.
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Figure 5.8: Partial y-ray coincidence spectra by gating on 1527.9, 511.0 and 350.5 keV
transitions in '%Mo. New transitions are labeled with an asterisk. Fission partner tran-
sitions are labeled with neutron evaporation numbers. Here 2n, 3n, 4n, 5n denote 1444,
14384, 142Ba and ' Ba, respectively.
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Figure 5.9: Partial y-ray coincidence spectra by gating on 438.8, 1008.9 and 538.8 keV
transitions in 1%Mo. New transitions are labeled with an asterisk.

band (1), the new 519.5 and 650.0 keV E2 transitions in band (6) can be observed in the
spectrum. The Ba fission partners transitions as well as the 171.5 keV g.s. band transition
are also labeled in the figure. The 654.9 keV transition is proposed to be a contamination
because the peak is much weaker than the 171.5 keV. It comes from the coincidence of
350.5, 511.0 and the background around the 1527.9 keV region.

Some of the linking transitions from band (10) to band (1) are shown on Fig. [5.6]
Figure [5.9] gives evidence for the E2 transitions in band (10). The new 513.5, 578.5 and

632.1 keV can be seen in this figure with the 438.8, 1008.8 and 538.8 keV gate.
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5.2.3 Angular Correlations

Angular correlation measurements have been made to determine the spins and parities
in 19419Mo. For %Mo, as shown in Fig. the two results generally agree with theo-
retical 4(D)4(Q)2 and 5(D)5(Q)3 values, which are A;=0.196, A4=0, and A,=0.186, A4=0,
respectively. These measurements confirm the assignments of the 4~ and 5 states in band
(4). The band-head of band (5) is tentatively argued as 5~ according to the decay pattern
and level energy differences. The 5~ - 4T transition is seen but not the energetically fa-
vored 5~ - 3" which should be seen if parity is positive and similarly for the spin 6, 7 and 8
levels. The angular correlation of the 1323-368 keV cascade in '°*Mo shows evidence for
the 5 spin of the 1883 level. As a comparison, Ref. [/9] assigned tentative 5- for this level
without any further discussions. However, the A2, A4 values of the 1323-368 keV angular
correlation is within 1 sigma error of a theoretical pure dipole. Therefore, because of the
large uncertainty, the result does not show clear evidence for the parity assignment. In this
paper, we did not assign the parity of this band-head 1883 level. If the band 7 in °*Mo is
the signature partner of band 6, the parity of band 7 would be negative.

For %Mo, the spins/parities of 2 to 8T levels in y-band, and the 4T to 7+ levels in
the vy band were confirmed by the directional correlations from oriented states (DCO) in
Ref. [76]. These assignments of the 27 to 77 levels in the y-band were also confirmed by
the Y-y angular correlation measurements [1]]. As shown in Table. |5.3| the 1434.6 keV 4™
bandhead of the Y-y band is confirmed by the current angular correlation measurements.
The spin and parity of the 7% state of the Yy band is confirmed by the 542.0-772.5 keV cas-
cade. The 517.4-724.3 keV cascade angular correlation agrees with a pure 5~ (D)4 (Q)2"
pattern. This measurement confirms the 1952.0 keV 5~ level in band (4) of 106Mo. The
measurement of the 190.2-517.4 keV cascade can give the E2/M1 mixing ratio of the 190.2
keV transition (from 2142.0 keV level to 1952.0 keV level) in band (4) by assuming a pure
E1 517.4 keV transition. The two values of -0.6 and -1.9 correspond to 26% quadrupole vs.

74% dipole and 78% quadrupole vs. 22% dipole for the 190.2 keV transition, respectively
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Figure 5.10: The y-y angular correlations of 477.4 - 771.3 keV (top), and 387.8 - 796.2
keV (bottom) in **Mo.
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Table 5.3: Angular correlations of the '941%Mo nuclei. Here D represents a dipole transi-
tion and Q represents a quadrupole transition. The 0 represents the E2/M1 mixing ratios.
Other angular correlations from Ref [1] are indicated by an asterisk.

Cascade Aj,Ayg exp. Aj,A4 theo. Decay pattern 0

104MO

*620.0 - 192.0 -0.15(3), 0.4(1) 2T7(Q/D)2T(Q)0T 9, (0.6)
*835.5-192.0 -0.19(2), -0.12(4) 37(Q/D)2T(Q)0T 50, (-0.15)
*654.0 - 368.5 -0.16(1), 0.16(2) 4T(Q/MDY4T(Q)2T 7

*914.9 - 368.5 -0.10(1), -0.6(2) 57(Q/D)4T(Q)2T 30

*956.6 - 519.3 -0.01(3), 0.07(5) 7H(Q/MDY6T(Q)4T 0.1, (7)
*961.0 - 641.6 0.10(6), -0.15(9) 9T(Q/D)8T(Q)6™ 3, (0.31)
1322.6 - 368.5 -0.10(3), -0.02(5) -0.07,0 5(D)4T(Q)2*

477.4 -771.1 0.18(1),-0.03(1) 0.20,0 4= (D)4+(Q)2*

387.8 - 796.1 0.24(5), 0.01(7) 0.19,0 57 (D)5T(Q)3"

106M0

*538.8-171.5 -0.18(2), 0.27(8) 27(Q/D)2T(Q)0T 6.2, (0.65)
*713.5-171.5 -0.08(1), -0.08(3) 37(Q/D)2T(Q)0T 6.1, (-0.01)
*545.4 - 350.5 -0.19(1), 0.11(2) 4T(Q/MDYAT(Q)2T  (2.1)
*784.6 - 350.5 0.023(7), -0.05(1) 57(Q/D)4T(Q)2T 4.4
*530.0 - 511.0 -0.07(2), 0.04(3) 6T(Q/D)6T(Q}M4T 1.1, (5)
*834.6 -511.0 0.08(3), -0.08(5) 7H(Q/MD)6T(Q)5T 3.2,0.26
724.3-710.3 0.11(1), 0.02(2) 0.10,0 47(Q)2T(Q)0"

542.0 -772.5 0.11(5),-0.04(7) 0.10,0 77(Q)5T(Q)3™

517.4-724.3 -0.08(1), -0.01(2) -0.07,0 5-(D)4T(Q)2"

190.2 -517.4 0.26(2), -0.03(3) 6-(Q/D)5-(D)4+ -0.6,-1.9
226.3 - 484.6 0.29(3), 0.05(5) 7-(Q/D)6-(D)5T -1.0
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and B(M1;190.2,6 — 57)/B(E2;190.2,6~ — 57) values for 0.070 and 0.0070 (uN/eb)z,
respectively. For the 226.3-485.0 keV cascade, the measured A; is a little larger than the
maximum value for the 7~ (Q/D)6~ (D)5 Therefore, only one value of the E2/M1 mixing
ratio is obtained. The -1.0 value corresponds to 50% quadrupole vs. 50% dipole, and 0.036
(U /eb)? for BAM1;226.3,7~ — 67)/B(E2;226.3,7~ — 67) in band (4).

5.2.4 TPSM Calculations

The quantum mechanical triaxial projected shell model (TPSM) is used to understand
the band structure and signature splitting of the neutron-rich nuclei. Various phenomena
related to triaxial shapes of nuclei, like y-vibrations [56]], chiral symmetry [57, 58] , and
wobbling modes [87], have been successfully described using the TPSM. In general, the
TPSM calculations proceed in several stages.

The basic strategy of the TPSM approach is similar to the spherical shell model with
the only difference that deformed basis are employed for diagonalizing the shell model
Hamiltonian rather than the spherical one. The deformed basis are constructed by solv-
ing the triaxial Nilsson potential with optimum quadrupole deformation parameters of €
and €. In principle, the deformed basis can be constructed with arbitrary deformation
parameters, however, the basis are constructed with expected or known deformation pa-
rameters (so called optimum) for a given system under consideration. These deformation
values lead to an accurate Fermi surface and it is possible to choose a minimal subset
of the basis states around the Fermi surface for a realistic description of a given system.
The Nilsson basis states are then transformed to the quasiparticle space using the simple
Bardeen—Cooper—Schriefer ansatz for treating the pairing interaction.

As the deformed basis are defined in the intrinsic frame of reference and do not have
well defined angular momentum, in the second stage these basis are projected onto states
with well defined angular momentum using the angular momentum projection technique [88),

89,190]. The three-dimensional angular mommentum projection operator is given by
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N 21+1 N
Pl =~ [ 49Dk (@) R(Q) (5.1)

with the rotation operator

I/?\(Q) _ o0z, iRy —iv): (5.2)

Here, ‘Q’ represents a set of Euler angles (o, y = [0, 27], B = [0, &]) and the J’s are
angular momentum operators.

In majority of the nuclei, near-yrast spectroscopy up to I = 20 is well described using
basis space of two-neutron, two-proton and two-neutron plus two-proton configurations as
one expects two-protons to align after two-neutrons rather than four-neutrons considering
the blocking argument. However, this may not be the case for all the nuclei and there are
indications that four neutron states may become important in the description of high-spin
states in some rare-Earth region nuclei [91]. For odd-proton (neutron) systems, the basis
space is composed of one-quasiproton (quasineutron) and two-quasineutrons (quasipro-
tons). In the case of odd—odd nuclei, the basis space is simply one-quasiproton coupled to
one-quasineutron. This basis space for odd and odd—odd nuclei is also quite limited and
needs to be extended for describing the higher spin states more accurately.

The advantage of the TPSM approach is that not only the yrast band, but also the rich
excited band structures can be investigated. The Nilsson triaxial quasiparticle states do
not have well defined projection along the symmetry axis, {2 and are a superposition of
these states. For instance, the triaxial self-conjugate vacuum state is a superposition of K
=0, 2, 4,....states—only even-states are possible due to symmetry requirement [92]]. For the
—inl,

symmetry operator, § = e , this gives the following projections operator:

Pl =Pl St®) = K=K Pl |D) (5.3)
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where, S|®) = ¢/*(K~¥)|®), and k characterizes the intrinsic states. For the self-conjugate
vacuum state kK = 0 and, therefore, it follows from the above equation that only K = even,
values are permitted for this state. For 2-qp states, the possible values for K-quantum num-
ber are both even and odd depending on the structure of the gqp state. For the 2-qp state
formed from the combination of the normal and the time-reversed states, K = 0 and again
only K = even values are permitted. For the combination of the two normal states, K = 1,
and only K = odd states are allowed.

The projected states for a given configuration that constitute a rotational band are ob-
tained by specifying the corresponding K-value in the angular-momentum projection op-
erator. The projected states from K = 0, 2 and 4 correspond to ground-, y- and yy-bands,
respectively. As stated earlier, for two-quasiparticle states, both even- and odd-K values
are permitted, depending on the signature of the two quasiparticle states. In this descrip-
tion, the aligning states that cross the ground-state band and lead to upbend or backbend
phenomenon have low-K configurations. These states are close to the rotational axis as
compared to the deformation axis and can be easily aligned. The projection from the same
quasiparticle intrinsic state with K’ = K + 2 is the y-band built on these quasiparticle state.

In the third and the final stage of the TPSM analysis, the projected basis are employed
to diagonalize the shell model Hamiltonian. The model Hamiltonian consists of pairing

and quadrupole—quadrupole interaction terms, i.e.
A A 1 A A A A A A
H=Hy~ 120} 0n — GuP P — GoL PP, (5.4)

In the above equation, Hy is the spherical single-particle Nilsson Hamiltonian [93]]. The
parameters of the Nilsson potential are fitted to a broad range of nuclear properties and is
quite appropriate to employ it as a mean-field potential.

104,106\ [0

We have performed theoretical calculations for the chiral doublet bands in

Bands (4) and (5) in 141%Mo are proposed to be the chiral partners. As seen in Figs. m
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and the chiral bands in '°*1%Mo exhibit small signature splitting, and the same ro-
tational response I(®). The energy differences of the doublet bands are quite small and
almost constant with increasing spin, being about half of that differences in '“*Mo com-
pared to '°°Mo, as shown in Fig. These are the characteristics of very soft chiral
vibrations.

In recent years the triaxial projected shell model (TPSM) approach has been shown to
reproduce the high-spin properties of deformed nuclei quite well [94, 95, 196, 97]. In this
approach, the model space is composed of three major oscillator shells for neutrons and
protons with pairing plus quadrupole-quadrupole as the model Hamiltonian. In the original
version of the model, quasiparticle excitations were restricted to the last major oscillator
shell and due to this limitation, it was possible to study only positive parity bands in even-
even systems. In order to investigate the negative parity band structures, populated in the
present experimental work, the TPSM approach has been generalized by considering two-
quasiparticle excitations from two major oscillator shells with one neutron (proton) in one
oscillator shell and the second neutron (proton) in the other oscillator shell having opposite
parity. More details on this extension shall be provided in separate publications [94].

By using the extended approach, numerical calculations have been performed for the
negative parity bands observed in !+19%Mo with the following parameter set: € =0.24, y =
20°(104), 36°(106). The other parameters are quoted in our earlier study of the positive
parity bands in [98].

The calculated levels in band 4 and band 5 in '941%Mo, respectively, are shown in
Fig. The energies are normalized to the band 4 bandhead of these two nuclei, respec-
tively. Experimental data are also included for comparison. In '®*Mo, the calculations of
band 4 and band 5 have regular energy spacing of rotational bands and can reproduce the
experimental data. In %Mo, the calculated 5~ level of band 4 is just 2 keV above the 4~
bandhead. Thus, the 1936 keV 4~ level in experiment is assigned to the bandhead of band

4, and all the previously assigned 5~ (1952 keV) band levels are now assigned to the new
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4~ band 4. All the previously assigned 4~ (1936 keV) band levels at spin 5 and higher are

now assigned to the new 5~ band 5. The 1817 keV 3™ level is considered to be a non-band

one.
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Figure 5.11: Comparison of the TPSM calculated energy level to the experimental data.
Energies are normalized to the 4~ band head energies of !°+1%Mo, respectively.

The calculated TPSM energies for two nuclei are included in Fig. along with the
observed energies. Note that, the 12~ state in band 5 of %Mo is different from the previous
work in Ref. [2,[13]. The TPSM approach reproduces the observed energies well (note the
expanded energy scale). At large angular momentum the TPSM overestimates the energies,

which is seen in the angular momentum vs. frequency plots Fig. [5.13] as a too small slope

for 19Mo.
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respectively.
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104,106Mo from the experiment and TPSM calculations.
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Figure 5.14: Level energy differences Es(I) — E4(I) between chiral doublet bands in
104,106\ o from the experiment and TPSM calculations.

For %Mo, the calculations trend towards underestimation for band (4) and they over-
estimate band (5) at low spins but may also be trending towards underestimation at higher
spins. (Of course, neither sequence in '®*Mo is observed above I=8, so one can only ex-
trapolate.) We attribute the discrepancy to the assumption of a fixed deformation in the
TPSM. Fig. [5.14] displays that the key feature of chiral partner bands -the small distance
between states of the same /- is reasonably in agreement with the TPSM calculations.

The calculated J(!) moments of inertia are also compared with the experimental data
from the current work. As shown in Fig. [5.15] the calculations show staggering at low
spin which differs from the experimental data. However, the staggering of J (1) can be

generally reproduced for they are centered around the experimental data. At medium spin
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Figure 5.15: Comparison of the J(!) moments of inertia in band 4 and 5 between TPSM
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both experimental data and calculated results are flat. The calculations also predict large
staggering at high spin for %Mo without experimental data for comparison.

The transition probabilities were also evaluated using the TPSM wavefunctions. These
have been calculated using free values for g; and for gg with an attenuation factor of 0.85,
ie,gf=1,g =0,gf =5.59x0.85and gy = —3.83 x 0.85. Comparison of the experi-
mental and the calculated ratios of B(M1)/B(E2) transition probabilities for !41%Mo are
depicted in Fig. [5.16] It is observed from this figure that the numerical results obtained
from TPSM with the present parameter set are generally in agreement with all the features
of the observed data. The calculation also present the sudden drop of the B(M1)/B(E2)
ratios in band 4 of 1°*Mo at I = 6 — 8 due to band crossing (which is also seen in Fig.

as the irregularity at low 1.)
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Figure 5.16: Comparison of the measured B(M1)(u)/B(E2)(e*b*) shown as square with
TPSM Calculated values shown as circle for 1%1%Mo nuclei.
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Figure 5.17: B(E2,I — I — 1),,; values for the transitions connecting bands 5 and 4 from
TPSM calculation.

Fig. shows the B(E2,I — I — 1), values for the transitions connecting bands
5 and 4. They are highly collective, about 40-90% of the stretched intraband values
B(E2,I — I —2);, at most of the spins. The high collectivity indicates that the two bands
are related by reorientation of the triaxial charge density with respect to the total angular
momentum vector. This is in contrast to the possibility that the two bands represent just
two different quasineutron configurations, in case which the B(E2,I — I — 1),,, would be
only of the single particle value. The enhancement strongly supports the interpretation of
the bands as chiral partners.

From the TPSM calculated B(E2),,; and B(E2);, ratios, combined with the E2;, tran-

sition intensities measured from the experimental data, one can calculate the expected
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E2(I — I — 1), intensities. The results are shown in Table Although those con-
necting transitions can not be clearly identified, some upper limits are given for some of
the cases with very weak evidence. Generally speaking, the calculated intensities are too
weak to be seen (at least a magnitude smaller than the other strong transitions populating

the same state). However, those deduced intensities are within the experimental limits.

Table 5.4: Comparison of the intensities of the expected / — I — 1 transitions connecting
bands 5 and 4 between TPSM calculations and experimental limit. Here B(E2),,; corre-
sponds to the calculated values for the / — [ — 1 transitions connecting bands 5 and 4,
B(E2);, corresponds to the calculated values for the I — I — 2 transitions in band 5.

Spin B(Ez)out/B(Ez)in EJ/ (keV) Iy—theo I)/—exp

104MO

7 0.725 273.2 0.0059

8 0.677 321.0 0.0027
106Mo

7 0.294 356.2 0.16 <0.2
8 0.766 377.7 0.13 <0.15
9 0.745 412.0 0.087 <0.1
10 0.801 428.5 0.053

11 0.813 468.8 0.027

12 0.634 500.8 0.0074 <0.02

The analysis of the wave functions provides further support. As in the TAC calculations
of Ref. [2]], it is found, that the main components come from two configurations that contain
one hyy/, quasineutron and one from a pseudo spin pair of (ds /287 /2) quasineutrons. The
partner bands differ by the weights of the components with different angular momentum K
that are projected from these two two-quasineutron configurations. This indicates that the

partner bands are related by a reorientation of the total angular momentum.
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Figure 5.18: The expectation values of the squared angular momentum components for the
main band (B4) and partner band (B5) for the total nucleus in '%*Mo. The value ¥ = 100°
was used in order to mitigate small errors caused by the truncation of the configuration

space in the TSPM code. The change y = 20° — 100° only inter changes the intrinsic order
of the axes in the code.

79



To specify this observation, the expectation values of the square of the components of

total angular momentum have been calculated, which are obtained as follows

(IM|JFIM)

= Y fwfew IK"|JHIK) Nrggoe (5.5)
KkKK'K"

The sum runs over K, the projections of the total angular momentum and k, the label of the
quasiparticle configurations. The coefficients fx; are the weights of the projected quasi-
particle configurations, which form the non-orthogonal basis of the TPSM, Nk g are the
norm-overlaps between the basis states, and <IK’ ! ]J?]IK > are the standard matrix elements
between states of good angular momentum [99].

In Fig. the three components of the angular momentum are different from zero,
which indicates a chiral geometry. The three components are about the same for both
the main (band 4) and the partner band (band 5), which indicates that they, respectively,
represent the even or odd linear combinations of the left- and right-handed versions of the
structure illustrated in Fig. [5.18] For both chiral doublet bands, the collective core angular
momentum mainly aligns along the intermediate axis (i-axis), because it has the largest

moment of inertia.

5.2.5 PES Calculations

The configuration-constrained potential-energy surface (PES) method [[100] is employed
with a nonaxial deformed Woods-Saxon potential [101] with universal parameters to gen-
erate single-particle levels. The Lipkin-Nogami method [102] is employed to avoid the
spurious transition encountered in the BCS approach. The total energy of a nucleus can be
decomposed into a macroscopic part obtained from the standard liquid-drop model and a

microscopic part computed with the shell-correction approach including blocking effects.
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The deformation, excitation energy, and pairing property of a given state are determined by
minimizing the obtained PES.
The calculated contours of different configurations in 1941%Mo are shown in figures:|5.19]

5.20 5.21] 5.22] [5.23] and [5.24] Table [5.5] shows the detailed deformations of each con-

figuration. These calculations can help identify the configurations of the side bands in
104,106\ [0

From the calculations, the best guess for the configuration of band 6 in '%*Mo is v
3/2%[411] ® 5/27[532]. The calculated bandhead level is 1812 keV without triaxial defor-
mation compared to the 1790 keV experimental level. Band 7 in '®*Mo could be the odd-
spin branch of the same configuration. However, the calculation also has a 5~ v 5/27[413]
® 5/27[532] configuration at 2326 keV, but it is less likely to be band 7 because the calcu-
lated energy is about 500 keV above the experimental one. The calculation does not have
any 67 configurations, thus, band 8 is proposed to be a yyy band.

In %Mo, the calculation does not have 2+ configuration below 2 MeV, thus, band
9 could be the B band where the 0" state is not clearly observed. The calculated 2 v
3/27[411] ® 1/27[411] configuration is located at 2299 keV. For band 10, there are no
calculated levels very close to the experimental bandhead. The possible configurations for
band 10 are 3~ v 1/27[411] ® 5/27[532] (2140 keV in calculation) and 3" v 1/27[411] ®
5/27[413] (2305 keV in calculation). Band 6 and band 8 both have a 4~ bandhead. One
of them could be the v 3/2%[411] ® 5/27[532] configuration according to the calculations.
Band 7 could be the odd spin branch of band 6 or 5~ v 5/2%[413] ® 5/27[532], 5~ =
5/21[422] ® 5/27[303], 57 v 5/27[402] ® 5/27[413] or 5~ v 5/27[402] ® 5/27[532]
configuration. More theoretical work is needed to understand the band 6 to 10 structures

and configurations.
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Figure 5.19: PES calculations for the (a) ground state, (b) v 3/27[411] ® 5/27[532], (c)
v 3/2T[411] ® 5/2+[413] and (d) v 3/27[541] ® 5/27[532] configurations in '**Mo.
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Figure 5.20: PES calculations for the (a) 7 3/27[301] ® 5/27[303], (b) v 3/21[411] ®
3/27[541], (c) v 5/21[413] ® 5/27[532] and (d) & 1/27[431] ® 3/27[301] configurations

in 1%Mo.
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Table 5.5: Variously lowly excited quasiparticle states in '%Mo and '°®Mo from the PES
calculations.

Nuclei Label Configuration B y(©®) Ba Eere (keV)

104Mo  Figl5.19(a) g.s. 0.302 12 0.012 0

Figl5.19(b) v 3/2T[411]®5/27[532] 0337 0 0.021 1812

Figl5.19(c) v 3/27[411] ® 5/27[413] 0.301 12 0.012 2133

Figl5.19(d) v 3/27[541] ® 5/27[532] 0.299 17 0.007 2142

Figl5.20(a) 7 3/27[301] ® 5/27[303] 0.301 10 0.012 2261

Fig/5.20(b) v 3/2T[411]® 3/27[541] 0295 13  0.008 2322

Figi5.20(c) v 5/2%[413]®5/27[532] 0299 14 0.007 2326

Figl5.20(d) 7 1/27[431]®3/27[301] 0347 1  0.019 2413

106Mo  Figl5.21(a) g.s. 0.309 16 0.004 0

Figl5.21(b) v 5/27[413]1 ® 5/27[532] 0.316 16  0.005 1815

Figi5.21(c) v 127[411]1® 5/27[532] 0318 0  0.002 2140

Figi5.21(d) v 3/27T[411]® 5/27[413] 0337 7  0.008 2152

Figi5.22(a) m3/27[301] ® 5/27[303] 0.306 12  0.003 2281

Figl5.22(b) v 5/27[532] ® 3/27[541] 0.287 23 -0.006 2294

Figl5.22(c) v 3/2T[411] ® 1/2T[411] 0334 0  0.006 2299

Figl5.22(d) v 1/27[411]1® 5/27[413] 0303 0 -0.003 2305

Figi5.23(a) v 3/27[411]1®5/27[532] 0319 7  0.006 2308

Figi5.23(b) m5/27[422] ® 5/27[303] 0.283 22  0.003 2343

Figl5.23(c) v 3/27[541]1 ® 5/27[413] 0.294 24 -0.002 2356

Figi5.23(d) v 5/27[402] ® 5/27[413] 0.282 28 0.003 2358

Figi5.24(a) v 5/2%[402] ® 5/27[532] 0.294 27 0.007 2423

Figl5.24(b) 7w 1/27[431] ® 3/27[301] 0355 9  0.007 2482
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Figure 5.21: PES calculations for the (a) ground state, (b) v 5/27[413] ® 5/27[532], (¢)
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5.3 Conclusion

In summary, high spin states of neutron-rich '%1%Mo have been reinvestigated by an-
alyzing the y-rays in spontaneous fission of 2>>Cf with Gammasphere. Both ¥ — ¥ — y and
Y—7Y— v — Y coincidence data were analyzed. New levels and transitions have been iden-
tified in both isotopes. A new Al=1 band has been discovered in %Mo with a tentative
5~ bandhead, and is proposed to form a class of chiral vibrational doublets with another
4~ band previously found. Angualar correlation measurements have been performed to
determine the spins and parities in both isotopes. Bands (4) and (5) in these nuclei are
proposed as soft chiral vibrational doublet bands. These doublet rotational bands in **Mo
show similar behavior to those in !°®Mo but exhibit smaller separation energies. The levels
of the 4~ and 5~ chiral doublets in '°*Mo have bee reassigned The theoretical calculations
support the assignments of these newly observed bands as soft chiral doublet bands built
on the /1y, quasineutron and a pseudo spin pair of (ds /287 /2) quasineutrons. TPSM cal-
culations have been performed for the chiral doublet bands in '*+19%Mo. The results show
reasonably good agreement with the experiement data. PES calculations have been per-
formed, however, more theoretical work is needed to understand the band 6 to 10 structures

and configurations in '%Mo.

89



Chapter 6

Anomalous Neutron Yields Confirmed for Ba-Mo and Newly Observed for Ce-Zr from

Spontaneous Fission of 22Cf

This chapter is adapted from “Anomalous Neutron Yields Confirmed for Ba-Mo and
Newly Observed for Ce-Zr from Spontaneous Fission of 2>2Cf” published in Physics Re-
view C and has been reproduced with the permission of the publisher and my co-authors
“Thibeault, A. H. and Richards, T. H. and Wang, E. H. and Hamilton, J. H. and Zachary,
C. J. and Eldridge, J. M. and Ramayya, A. V. and Luo, Y. X. and Rasmussen, J. O. and
Ter-Akopian, G. M. and Oganessian, Yu. Ts. and Zhu, S. J.” Published in Physics Review

C

6.1 Introduction

As discussed in section [2.2] the process of spontaneous fission involves the formation
of primary fission fragments in an unstable state. These fragments evaporate neutrons to
become excited secondary fission fragments that can be identified by studying their emit-
ted y-rays. The number of neutrons emitted is often referred to as the “neutron channel”
number (N.) and is given in equation[6.1] The distribution of the final products is directly
connected to the number of neutrons evaporated. The number of prompt neutrons emitted
in a binary fission event can be determined by finding the mass number of the fragments
produced in an event. For example, if the fission fragments of 2>>Cf are determined by
some method to be '*Ba and '93Mo, then five neutrons must have been emitted. This can

be computed from the nuclear masses of 2>2Cf and the daughter isotopes produced by:

N, =252— (A1 +As). 6.1)

Where A and A; are the mass numbers of the two daughter isotopes.
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The number of neutrons evaporated depends on the excitation energy of the nucleus.
Early studies measured the distribution of neutrons emitted in the SF of 2>2Cf for different
charge splits and found a Gaussian shape centered between 3-4 neutrons in Ref. [103]
and averaging ~ 3.7 according to Ref. [3]. More recent studies have extended this work to
measure yields of specific fission pairs, related to the advance in resolving power of detector
arrays and coincidence gating techniques. The species of fission fragment is identified by
detecting its characteristic y-ray transitions.

With this technique, yields of individual correlated pairs in barium (Z = 56) and molyb-
denum (Z = 42) binary fission were observed to undergo fission splits via an extra “hot
fission mode” (also called second mode) [3]]. In this mode, it has been observed that the
Ba-Mo fragment pair emits high neutron multiplicities of 7 to 10 neutrons in spontaneous
fission of 252Cf [3, 16, [17]. With our high statistical data, we further re-investigated the

existence of the second hot fission mode.

6.2 Previous 22Cf Neutron Studies

Before 1994, the only measurements of neutron multiplicities came from neutron de-
tector experiments. These were able to measure total yields and unfolded the data with
some assumptions about the expected shape of the distribution. The broad result was that
the neutron multiplicity curve follows a Gaussian distribution for 1-8 neutrons, centered at
3.7 neutrons (see Ref. [[103]]). Some more detailed measurements of the distribution for dif-
ferent mass regions were also performed, but there was no way to identify the exact species
of the fragments involved in the fission.

The first study to isolate individual fission fragment pairs was done in 1994 by Ter-
Akopian et al. [3]]. By using the y-y-v coincident data, the fission fragments created in the
SF could be directly identified. With the atomic mass of each daughter nucleus, the missing

number of neutrons can be inferred using Eqn. [6.1} It was found that the distributions of
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neutron multiplicities follow a Gaussian shape for several different individual charge-split
fission partners as well as the overall 2>2Cf yield. This is show in Fig.

However, in one fission pairing, the distribution was observed not to follow a single
Gaussian shape. In the splitting of 22Cf into Ba and Mo isotopes, additional yields were
measured associated with more neutrons being evaporated. Yields were found with up to
10 neutrons evaporated, where the other pairs extend only to 8 neutrons evaporated. This
can be described with a two Gaussian fit, one centered between 3-4 neutrons and the second
around 8 neutrons, as seen in Fig.[6.2]

This result was a very surprising finding, as this Ba-Mo split was the only fission pair
exhibiting this dual distribution. Other theorists raised skepticism, since the hot fission
mode had only been observed in Ba-Mo fragment pairs of 2>Cf and not in spontaneous
fission of 2*8Cm [21]]. However, this private communication [21/] has never been published.

Furthermore, some earlier analysis in spontaneous fission of 2>2Cf did not confirm the
second hot mode [5] without reporting the 9 and 10 channel yields (see later discussion),
while others did show some irregularity around the eight-neutron channel [4, 22, 104, 24].
The neutron multiplicity curve from Ref. [4] is shown in Fig.[6.3] where the second Gaus-
sian contribution is much reduced. Because of the importance of understanding this extra
hot fission mode, pairs of Ba-Mo, Ce-Zr, Te-Pd, Xe-Ru and Nd-Sr have been studied with
improved precision using y-y-y-Y as well as y-y-y coincidence data and the latest level
structures of these nuclei. Also, relative intensities of transitions in these nuclei made
available through our work likewise improved the accuracy of the analysis. In all cases,

careful attention was given to transitions of the same energies in multiple isotopes.

6.3 Hot Fission Mode

The theoretical interpretation of the two-Gaussian distribution is that a second mode
of fission is involved in the Ba-Mo split. Multiple fission modes for a single nucleus have

been theorized based on asymmetric deformation calculations in Ref. [105]]. In heavy nuclei
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Figure 6.3: Neutron multiplicity measurements from Ref. [4]

such as 2°8Fm, 2°®No, and 2°?2OMd, a bimodal energy distribution has been observed in
Ref. [106]. This was characterized by a large difference in the average total kinetic energy
(TKE) between the two distribution groups with the new mode having a higher (TKE).
Measurements of the fission fragment energies from SF of 2>2Cf by Ter-Akopian et
al. [3] resulted in an excellent fit that yielded two such fission modes. One mode had
(TKE) = 189 MeV while the other mode had (TKE) = 153 MeV. The first mode corre-
sponds to the familiar fission mode for 2>>Cf. The second mode corresponds to events with
a larger number of neutrons emitted, with an intensity for the second mode ~ 7% of the
first mode [3]. This excess internal energy indicated that one of '44143:146Ba had a hy-
perdeformed shape (8, ~ 1.0) at scission. In simple terms, the second mode of fission is
theorized to represent a fission pathway that results in a much lower kinetic energy taken

up by the fragments. This in turn leads to larger internal excitation energy. The fragments
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Figure 6.4: Schematics of two coexisting fission modes in 2>Cf

that are created with more excitation energy evaporate more neutrons from their deformed

shapes. A schematic of this process is shown in Fig. [6.4]

6.4 Method of Data Analysis

Quadruple (y-y-y-7) as well as triple (y-y-¥) coincidence data were analyzed to extract
the relative yields of correlated fragment pairs in spontaneous fission of 2>Cf. Of particular
interest in this experiment are the y-ray transitions to the ground state. Some isotopes have
a single ground state y-ray transition, but others have multiple ones. The ground state y-ray
transition is generally the highest intensity y-ray emitted by an isotope, and all daughter
nuclei will emit this y-ray, excluding the extremely unlikely case they were produced in the

ground state during the fission process. By measuring the intensity of ground state y-rays,
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Figure 6.5: Gate on the 296 and 1279 keV transitions in '3*Te showing ground state transi-
tions from partner fission fragments of Pd in 2>2Cf.

it can be deduced how likely specific isotopes of fission partner isotopes are to be produced
in the spontaneous fission of 2>>Cf.

In order to find peaks for the yield computation, a double or triple gate was set on
the most intense coincident y-rays in a given nucleus (usually the 27 — 0" and 47 —
27 transitions in case of an even-even product). On the generated coincidence spectrum,
the transitions in the partner fragments were clearly identified as shown in Fig. [6.5] The
intensities of the y-ray transitions in the partners (usually the 2t — 0% in case of even-
even nuclei) were corrected for the detector efficiencies and internal conversion coefficients
(ICC) of the y-rays involved in the selection and used along with other transitions feeding
into the ground state to extract the relative yields for the considered partitions. In the
case of odd nuclei, all the known transitions populating the ground state were summed

proportionally according to their intensities.
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If the ground state y-ray is inconvenient to measure, it is also possible to use a higher
transition to make this calculation, as long as its intensity relative to the ground state tran-
sition is known. The relative intensities of all transitions feeding the ground states of the
isotopes analyzed in this study were determined based on new levels schemes with new
ground state transitions (especially in odd-even nuclei) [107, 108, 109, 110, 111} 112} 113}
1141 1115, 116] to produce a new set of absolute yields. Some of the y-rays in the newly
published level schemes are not clearly observed in our data such as '“Te [117]. Addi-
tionally, if there is a presence of an isomeric state in the level scheme structure of a given
nucleus, the transitions populating into that isomeric state were considered by adding the
contribution of those transitions populating that state according to its time scale. This was
done to avoid underestimating the yields. Specific examples will be given in the discussion
section.

A two-dimensional matrix was created from the initial data by selecting the y-ray coin-
cidences occurring within 1 us time window. The peaks observed in this two-dimensional
spectrum arise from the coincidences between the y-ray emitted promptly by both comple-
mentary fission fragments of different fragment pairs. The new results confirm a second hot
mode in Ba-Mo pairs with an intensity of ~1.5(4)% and shows evidence for a comparable
second hot mode in Ce-Zr pairs with an intensity of ~1.0(3)%. These result are compared

with other results [5, 14, 22, 24, [104]].

6.5 Experimental Results and Discussion

Fission spectra are very complex and this type of analysis is difficult and prone to errors
caused by random coincidences and background. As such, we found some peaks unusable
because of contamination or similar transition energies found in other isotopes. Cross-
checks by gating on a series of isotopes as well as gating on their fission partners have
been done to determine possible contamination and the accuracy of the current result. In

addition, to measure yields in these cases, we used peaks found in higher transitions and
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scaled them appropriately. For example, Table contains this information for the Sr-Nd

pair. In order to calculate the scaling factor, we set a clean gate with no contamination

Table 6.1: A list of isotopes whose ground state transition energies were difficult to measure
(because of similar ground state energies or not clearly observed in our data) and what
energy transition we measured instead in Nd-Sr fragment pairs. The scaling factor is the
relative intensity of the measured transition to the ground state transition; we divided the
yield of the transition by this factor to correct it.

Isotope | Gate Ground | Measured | Scaling
state (keV) (keV) factor

928 | 155Nd 814.6 859 0.46
94gr | 150Nd 836.7 1089.1 0.23
%sr | 155Nd 814.8 977.5 0.49

on energy transitions of other isotopes and measured the intensities of the ground state
transitions and of the higher transitions. By taking the ratio of these intensities, we compute
the scaling factor needed. The results for all the relative yield curves are shown in Fig. [6.6
All of the fission partner pairs have an average neutron multiplicity of ~3-4 and the FWHM
is about 3 as seen in Table

Table 6.2: A list of the average neutron multiplicities (V) and the full width at half maxi-
mum (FWHM) for each pair shown in Fig.[6.6] The average neutron multiplicity distribu-
tions are very close to the accepted values of 3.8 for the spontaneous fission of 2>Cf.

Ba-Mo | Ce-Zr | Te-Pd | Nd-Sr | Xe-Ru
Ave (V) | 3.57 3.62 3.71 3.84 3.81
FWHM | 3.1 3.1 2.9 3.1 3.1
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Figure 6.6: The experimental Ba-Mo, Ce-Zr, Te-Pd and Nd-Sr yield curves from the present
analysis are shown above. There is no evidence for the 9, 10 and 11 neutron channels in
pairs other than Ba-Mo and the newly observed Ce-Zr. A smooth Gaussian fit to the 0-8
neutron channels in Nd-Sr, Xe-Ru, Te-Pd, Ce-Zr and Ba-Mo is shown. The full width at
half maximum (FWHM) was also calculated for each of the yields as shown in this figure.
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6.5.1 Xe-Ru Yields

In ref. [3]], the yield matrix for the 06~ 112Ry and 134.136—140,142X¢ pairs were measured.
In comparison, this thesis measured the all isotopic chain of the '%~14Ru and 134~ 144Xe
pairs as shown in Table [6.3] Since the previous work [3] did not include all the Xe-Ru
isotopes, the normalization was not accurate. Technical details are included here. In 105Ry,
only the 365 keV transition populating the 209 keV isomer is used to measure the yield.
The 3/27" ground state band transitions are not observed in the present work so it is not in-
cluded. In '97Ruy, the 103, 142, 199, 428 keV g.s. transitions are used to measure the yield.
Some inconsistency is observed in the intensity ratios of the 199 and 428 keV transitions
in different gates. In 109Ru, the 96, 131, 138, 185, 197, 332, 408 keV g.s. transitions and
the 69, 122, 128, 187 keV transitions populating the 69 keV isomer are used to measure
the yield. The 69 keV g.s. isomeric transition is E2 with large internal conversion thus,
most of the 69 keV peak is another 69 keV transition populating this 69 keV 0.5 us isomer.
In "Ry, the 150, 185, 254, 279, 356 g.s. transitions and 175 keV transition populating
the 10 keV level and the 146, 267 keV transitions populating the 39 keV level are used to
measure the yield. Note that, the 185 keV transition in Ry is weak while another 185
keV transition in 1%Ru is strong. Thus, the 185 one in Ry can only be deduced from
the intensity ratios with the 146 and 175 keV transitions depopulating the same 185 keV
level. In ''3Ru, the 98 keV g.s. transition and the 113, 260 keV transitions populating the
7/2~ isomer are used to measure the yield. The 98 keV one was not reported in fission
experiment but it is strong in the partner gate.

In the present work, 36~141Xe and '98-112Ry are strongly populated. The !08:110Ry
g.s. transitions are very close in energy. The '3®Xe has a 3 us isomer. Therefore, the
independent yield of 33Xe is used to normalize to the absolute yields. The independent
yields of '8110Ry obtained in the present work are all higher than those from Ref. [118].
The fitted Gaussian for neutron is centered at 3.8 with a FWHM = 3.1 as shown in Fig.[6.6

This result is constant with the Te-Pd and Nd-Sr yields.
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6.5.2 Te-Pd Yields

In ref. [3], the yield matrix for the 198:110.112,114,116pq g 132,134,136 ¢ pajrs were mea-
sured. In comparison, this thesis measured the all isotopic chain of the ''O~118pPd and
130=138Te pairs. Since the previous work [3] did not include all the Te-Pd isotopes, the
normalization was not accurate. Technical details are included here. The present work did
not observe transitions in 'Pd. In '''Pd, the 230 and 523 keV g.s. transitions and the
413 keV transition populating the 11/2™ isomer can be seen and was used to measure the
yield of this nucleus. In '13Pd, transitions directly populating the g.s. and the 81 keV (0.3
s) isomer were used to measure the yield. There are two 340 keV transitions in '1>116Pd,
respectively. The 340 keV transition in !'3Pd is weak and can be subtracted proportionally
from the g.s. transitions when measuring the yield to get a clear 340 keV in !'®Pd. In ''7Pd,
the 440 keV transition populating the 266 keV 11/2~ level was used to measure the yield.

In 139Te, there are isomers at 2145 keV (110 ns) and 2664 keV (1.9 us). However,
transitions populating these isomers are very weak in present data and were not included
to measure the yield. In 13!Te, the 833 keV transition populating the 182 keV 11/2~ iso-
mer was used to measure the yield. Note that, a 93 ms isomer was reported at 1941 keV
in [119], but no transitions were observed populating this isomer. Thus, we did not consider
the contribution from this isomer. In '32Te, there are isomers at 1774 keV (145 ns), 1924
keV (28 us) and 2722 keV (3.7 us). Transitions populating these isomers are very weak
in the present data and thus, their contributions were not considered in the yield measure-
ments. Contribution from the isomers in 133~ 133Te were included. There is a 606 keV g.s.
transition in 13®Te and a 608 keV g.s. transition in '3’ Te. These two transitions are close
in energy and lie on the neutron scatter platform. Careful cross-checks have been made to
separate these two transitions and make an accurate measurement.

The measured yield matrix for tellurium (Z = 52) and palladium (Z = 46) is shown
Table It displays the expected pattern where the highest yields are concentrated in the

center of the matrix, along the 4 neutron channel diagonal, running from the bottom left to
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the top right corners. The yield matrix was normalized by using the normalization constant
of "4Pd in Wahl’s table [118]]. This pair has a lot of isomeric states and many of the level
schemes are incomplete. Therefore, the yields are incomplete (see Fig.[6.6). The yields for
the other studied element pairs in Fig. [6.6| display a similar pattern as expected. However,
as seen in Fig. (a), where the spectrum was gated on both the 373.7 and 574.5 keV
transitions in '19Pd, there is no evidence for the 9 and 10 neutron channel at 1150.6 keV in
133Te and at 974.4 keV in 32Te, respectively, for the Te-Pd pairs. Whereas, there is clear

evidence of the 8 neutron channel at 1279.1 keV in '**Te which fits nicely with the simple

curve in Fig.[6.6]

6.5.3 Nd-Sr Yields

In ref. [3], only the *68Sr and 15:152:154Nd yield matrix was measured. In the present
work, the matrix has been extended to 2! ~199Sr and *8—156Nd as shown in Table The
previous absolute yields were overestimated because the normalization did not include all
the isotopic chains in Sr-Nd from 23Cf SF.

In the Nd-Sr yields matrix in Table we left most of the items in the '*®Nd and
1499Nd columns blank because those isotopes are very weakly populated in the spontaneous
fission of 22Cf, making it difficult to measure energy transitions of interest. Some similar
energies, such as the ground state transitions of 1°°Sr and "°Nd (129.8 keV and 129.7 keV,
respectively), are not distinguishable. To resolve this, we set a gate on both the 27 —
0" and 47 — 27 transitions of '%°Sr 129.8/287.9 keV and compared the intensity ratios
of its partners’ transitions of interest to another double gate on 2t — 0" and 47 — 2
transitions of *®Sr 144.3/289.4 keV. The 129.7 keV peak from '"°Nd was contaminated
as well as some of the other peaks of interest. Therefore, the gate on '°°Sr was avoided.
Isomeric states had to be considered in the case of 73154Nd. In !*Nd, the isomeric state
at 1298.0 keV is weakly populated therefore, the transitions feeding into it were not added

to the total yields.
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Figure 6.7: Gamma-ray coincidence spectra by gating on (a) 373.7 and 574.5 keV transi-
tions in ''°Pd to show that there is no evidence for the 9 and 10 neutron channel at 1150.6
keV in 133Te and at 974.4 keV in 32 Te, respectively, whereas there is clear evidence of the
8 neutron channel at 1279.1 keV in '**Te which fits to the curve. In (b) a triple gate on
129.7, 251.2 and 338.6 keV transitions in 1>°°Nd to show that there is no evidence for the 9
and 10 neutron channel at 986.1 keV in *3Sr and at 858.9 keV in 3Sr for the Nd-Sr pair,
respectively, whereas there is weak evidence of the 8 neutron channel at 836.7 keV in **Sr.
And in (c) a double gate on 161.5 and 999.4 keV transitions in 97r to show evidence for
the 9 neutron channel at 410 keV in #6Ce for the Ce-Zr pair.
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The *Nd nucleus was reported to have an isomer at 1348 keV in [120], which is
not observed in the current data. In that paper, the ground state band transitions were
reported as 72, 163, 243, 328 keV... etc, with a 870 keV isomeric transition. In the contrast,
both the previous work in [121]] and our current data show a 72-163-248 keV cascade for
ground state band. In [120], transition energy and levels were also reported in other nuclei
156,158gm, 152,156Nd. The energy difference between transitions in those nuclei reported in
[120] and our current work, as well as other data recorded in nuclear data sheets is generally
within 1 keV. Thus, the big 5 keV energy difference in *#Nd between the 243 and 248
keV 617 — 47 transition may indicate a wrong isotope assignment in [120]. Instead, >°Sm
was reported to have an isomer in [122], with 163-243 keV for the first two E2 transitions
for the ground state band and 870 keV for the isomeric transition. The 1348 keV isomer
reported in [120] may belong to ?Sm, but 5 mass number away from '>*Nd. Further
details are needed to understand the reason.

According to [108], '>3Nd the ground state transitions are 50.0 keV, 120.2 keV and
191.7 keV if our time gate is long enough to cover the isomeric transition. Energies at 50.0
keV, 70.2 keV, 60.7 keV and 78.0 keV reported in [108]] are hard to measure accurately to
get accurate intensities. Thus, when the ground state transitions are hard to measure we
summed up all the next level transitions. In the case of I53Nd, we used 88.3 keV, 197.6
keV and 158.5 keV in the ground state band and 97.9 keV, 175.8 keV and 208.8 keV in the
5/2" band together. These transition are reported in [108]]. Figure. shows a plot of the
extracted yields against the fission’s neutron channel number (see Fig. [6.6). Also shown
in Fig. (b), a triple gate on 129.7, 251.2 and 338.6 keV transitions in '>’Nd is used to
show that there is no evidence for the 9 and 10 neutron channel at 986.1 keV in **Sr and at
858.9 keV in *3Sr for the Nd-Sr pair, respectively. Whereas there is clear evidence of the

8 neutron channel at 836.7 keV in **Sr that fits nicely the single yields curve as shown in

Fig.[6.6]

108



6.5.4 Ce-Zr Yields

In the previous work [3]], yield matrix between the *~194Zr and 144146-150Ce was mea-
sured. In the present work, the yields between 20~194Zr and 14~152Ce have been measured.
In comparison, the previous result [3] on the Ce-Zr pair was slightly overestimated be-
cause of the lack of the contribution in °6°7Zr and '43:131.152Ce. It seems that the previous
work [3]] has normalized to the independent yield of '°2Zr. Careful checks have been made
to separate the 98 keV g.s. transition in '°1Zr and another 98 keV transition populating the
27 keV level in 1037r.

To determine the cerium (Z = 58) and zirconium (Z = 40) yield matrix, measurements of
multiple y-rays emitted by the Ce-Zr fission fragment pairs formed in spontaneous fission
of 292Cf were used to extract the yields. Table below displays the absolute yields data
that were collected. These are new results and different from the report given in Ref. [123]].
In this analysis, most of the transitions of interest were easily identifiable with the exception
of the 97.5keV (9/2~ — 5/27) and 97.4 keV 2+ — 0™) from ¥ Ce and '°°Ce, respectively,
and 191Zr and 193Zr also have similar transitions of 97.8 keV (5/27 — 3/21) and 98.4 keV
(5/2F — 3/21), respectively.

To avoid possible contamination, a few gates were set on °°Ce to measure the peaks
of interests from its Zr fragment partners. Any contamination of the 98.4 keV transition
from '93Zr is avoided since '%Zr and '°°Ce are not fission partners in spontaneous fission
of 2Cf. However, gating on '¥Ce would bring in contamination from both 1°1Zr and
1037y Multiple gates were set on the Zr fragments to measure the ground state transition of
145Ce. By gating on 109.4/146.6 keV of 13Zr, the 97.4 keV transition from °Ce is once
more avoided. Because the channel number between '%Zr and 13°Ce is zero, any possible
contribution from the 97.4 keV of '>°Ce to the 97.5 keV in *Ce can be neglected given
that it is very small. Any gate on '°!Zr brings in contribution from both the 97.4 keV of
150Ce to the 97.5 keV in *>Ce. One thing to consider first is to avoid setting any gate using

the 97.8 keV in 1°1Zr. This prevents the contribution from the 98.4 keV in 193Zr. A double
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gate 216.6/250.9 keV was set on '%'Zr and from this gate three peaks were of interest,
however, only the 158.7 keV one in °Ce and a peak around 98 keV, containing both the
97.4 keV peak (1¥Ce) and 97.5 keV peak (°°Ce), were capable of being measured. Since
the ratio between 158.7 keV peak (1%3Ce) and 97.5 keV peak (139Ce) was already known
when determining the yields of °°Ce, it was easy to deduce the portion of the contribution
of 150Ce from the measured peak. This meant that the remaining portion belonged to the
97.4 keV peak (14°Ce). This method was repeated for 10Zr.

In the present study we observed evidence of the 9, 10 and 11 neutron channels in the
Ce-Zr fission pairs. A double gate on 397.2 keV and 541.2 keV in 4*Ce shows evidence
for the 10 neutron channel at 1222.9 keV in *Zr (see Fig. . However, in this gate the
intensity is not very clear. Therefore, we checked for clean transitions to gate on in **Ce
to avoid contamination and we found that other double and triple gates on 397.2, 541.2,
709.1 and 585.2 keV were good candidates that can be used to verify this observed peak.
As shown in Fig. (a), (b), (c) and (d) all these gates show evidence of the presence of
the 10 neutron channel for the *8Zr-'44Ce fission pair. In part (e) of Fig. [6.8|there is another
clear evidence of the 10 neutron for the *Ce and ®0Zr pair at 1750.4 keV by gating on
409.9/503.2 keV in *°Ce. To measure the intensity of the 1750.4 keV, we accounted for
the presence of 1751 keV in '%9Zr (which would make this yield higher than what it should
be) by subtracting the portion of 1751 keV from the measured 1750.4 keV in #®Ce and
97y pair since we already had the real intensity for that. Part (f) of Fig. gives further
evidence for the presence of the 1750.4 keV.

There is a clear 1103 keV peak when gating on '#°Ce. The intensity of this peak how-
ever, is higher than expected. We discovered that this high intensity is due to a strong
contamination around this peak from beta decay where a 1103 keV transition in '40Ce
feeds a 1810.2 keV level. There is also a clear peak at 258 keV in '46Ce when one gates on
977r. However, for any of the possible gates on *’Zr, it is difficult to find a good reference

peak that has the expected ratio with the 258 keV peak. Therefore, we measured the 409.9
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Gamma-ray coincidence spectra by gating on (a) 397.2/541.2 keV, (b)
397.2/709.1 keV, (c) 397.2, 541.2 and 709.1 keV and (d) 541.2/709.1 keV transitions in
144Ce to show that there is evidence for the 10 neutron channel at 1222 keV in *®Zr for
the ?8Zr-1%4Ce pair. In (e), a double gate on 409.9/503.2 keV transitions in '“°Ce to show
clear evidence of the 10 neutron for the '“°Ce and ®Zr pair at 1750.4 keV by gating on
409.9/503.2 keV. And (f) gives further evidence for the presence of the 1750.4 keV transi-

tion by gating on 258.3/515 keV
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keV peak which has the expected ratio with the 209.1 keV peak taking into consideration
their intensities, efficiency, and internal conversion relative to the ground state transitions.
Another challenging channel to measure is the 1**Ce-"7Zr. There is a strong 1102.8 keV
peak feeding into the 4T level (938.6 keV) in '%4Ce. Hence, the presence of the 11 neutron
channel at about the 397.2 keV peak would be influenced by the overlapping two transi-
tions of 1103 keV in both #4Ce and ?’Zr. Nevertheless, there is clear evidence of the 11
neutron channel.

Upon completion of the matrix yield of the correlated fragment pairs of Ce-Zr in the
spontaneous fission of 2>2Cf, the yields were next scaled according to Ter-Akopian’s inde-
pendent yield [[16] and summed for each isotope of Ce. This summation and Ter-Akopian’s
calculated data for Ce-Zr, were both normalized such that *3Ce had a value of 100. Then
these two data sets were compared to see if Ter-Akopian’s calculations could be verified.
As can be seen in Fig. [6.6] the present absolute yield data Te-Pd, Nd-Sr and Ce-Zr are in
agreement with the previous ones [[16], and thus are experimentally confirmed with smaller
error limits. The results from the present study show evidence for an “extra hot fission
mode" as shown Fig.[6.9] This is the first time this mode is observed in Ce-Zr pairs; it is
~1.0(3)% of the first mode. The observation of this mode in this pair can be explained
when one considers that '43~14%Ba and 4%-148Ce have been determined to be octupole de-
formed [124, 125, 1126, 127, 2] and may also have hyperdeformation at scission to give
these nuclei high internal energy and in turn gives rise to high neutron multiplicities. The
second curve (6-11 neutrons) in Fig[6.9) was fitted by restricting the width of the second
curve to the width of the first curve (0-7 neutron channels) and the position to 8 neutron
channel. If the unfixed width method is used instead, the width of the Ce-Zr first curve
is 6% larger than the Ba-Mo width. However, the 10 neutron channel in Ce-Zr pair is

obviously above the tail of the first Gaussian in either way.
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Figure 6.9: The second curve in Ce-Zr was fitted by fixing the width of the second curve
(presenting the second mode) to the width of the first curve (presenting the first modes) and
also fixing the position to 8 neutron channel. It contributes ~1.0(3)% of the first mode.
The second curve in the Ba-Mo fit was also fitted by fixing the width of the second curve
to the width of the first curve and fixing the position to 8 neutron channel. It contributes
~1.5(4)% of the first mode.

6.5.5 Ba-Mo Yields

Previously, the yield matrix of the Ba-Mo pairs was measured in [3, [16, 23| 4]]. In
Ref. [3, [16], the yield matrix was normalized to the independent yields of 140:142,144,146g5

without the contribution of 190:101,109: 110N [ Those Mo isotopes are very weakly populated
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in 2>2Cf SF so that the previous results are close to the present work compared to the large
difference in Te-Pd and Nd-Sr. In Ref. [23]], the 519 keV transition populating the 4™ g.s.
band level in %Mo and 414 keV transition populating the 4 g.s. band level in '%*Mo were
used to measure their yields to avoid measuring the 192.0 and 192.7 keV g.s. transitions
in 194108Mo, respectively. Such a method is wrong because there is a strong 519 keV
transition in '* Mo and a strong 414 keV transition in ' Mo. Therefore, when measuring
the 519 keV peak in the Ba partner gate, one would get the summation of the 519 keV from
103Mo and '%Mo. Similarly, when measuring the 414 keV peak in the Ba partner gate, one
would get the summation of the 414 keV from '%®Mo and '®Mo.

The new yields of Ba-Mo are given in Table [6.7]and Fig. [6.6] The 8-10 neutron yields
presented in the present study are much lower than both the ones reported earlier; con-
tributing ~1.5(4)% of the first mode. In the first report [3], the second mode was reported
to contribute ~7% of the first mode with significantly lower (TKE), 153/189 MeV [3]. The
second report to have observed this mode [4], reported that it contributed ~3%. The cur-
rent experimental data have improved statistics over the other two experimental data from
which the first and second analysis came. Therefore, one would expect that the second
mode would be more pronounced in this experiment. However, this is not the case because
with improved statistics comes more complete level schemes that provide new insights on
possible contamination that were otherwise not considered in the previous analyses causing
either overestimation or underestimation of the yields. Gating on Ba isotopes and Mo iso-
topes should give the similar yield results. Such cross-checks were used in this experiment
to investigate the contamination given that contaminates are more common in Ba-Mo than
in Ce-Zr, Te-Pd, Xe-Ru and Nd-Sr pairs.

In detail, in the analysis of Mo-Ba yields, one has to be extra careful when determining
the yields of '“°Ba-'"*Mo and the '3¥Ba-“Mo which correspond to the rare 8 and 10
neutron channels and the '*°Ba-!1%Mo and the *®Ba-1¥Mo yield which correspond to the

4 and 6 neutron channels. This is because of the possible contamination that arise from the
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unresolved 192.4 keV and 192.9 keV 2+ — 07 transition for 1Mo and '®Mo, respectively
(see [5] for similar analysis). In a previous analysis [3], a gate on 602.4/529 keV in “°Ba
was used to measure the intensities of 368.6 keV and 371.0 keV transitions in '%*Mo and
108Mo, respectively. In such gate, the 369 keV peak has ~ 30 counts and is 1/3 (1/14 in our
data) of the 371 keV one. In contrast, as seen in Fig. [6.10] part (b), our data show ~ 9000
counts for the 371 keV peak, while the 369 keV one is just above the background. Thus, it
is possible that the '*°Ba-1%*Mo yield was overestimated due to the background fluctuation

(10-20 counts) in Ref. [5]. A gate was set on the first two transitions of the '*Mo isotope

11000 f\ri 193.1/371.0 (@)
9000- neutron platform 3
“@© 7000}
S 5000/
S
2 30000
O 1000 . . . | | | | | |
$ 9000f 560 580 600 - o 620 640
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¢y 7000 S
i}
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¢ 3000
1000
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Figure 6.10: Gamma-ray coincidence spectra by gating on (a) 193.1 and 371.0 keV transi-
tions in '®Mo to show the neutron inelastic scattering platform, and (b) 602.4 and 529 keV
transitions to show the 369 keV in '%Mo and 371 keV in '%Mo. Part (b) shows difference
between Fig. 1 in Ref. [5] using the same gate. See text for more details.

and the ground state transition (1435.7 keV) of 138Ba was measured as well the (8 — 67)
transition populating the isomeric state at 2089 keV level because it is very strong in our
data. When measuring the yields of 138Ba-104Mo, however, the 192.4 keV from %Mo has

to be avoided to prevent contamination from 192.9 keV from “®Mo since it is strong and
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can enhance this yield. Instead, gates on 368 keV and 519 keV transitions from %Mo were
set and this time only the 1435.7 keV transition in 13884 was measured (see Fig. (a)).
Also in Fig.[6.11] (b) is shown the 9 neutron channel seen in the 94.9-138.1 keV transitions
in 1%Mo to show the 9 neutron channel at 1435.7 keV in '**Ba.

Furthermore, unlike in Ref. [S] we did not set a gate using the 602 keV from 140B4
when determining the yield of '#°Ba-1%Mo pair because 602 keV is present in '**Mo from
the 87 — 6T transition feeding into the 1725 keV level and another weaker 602 keV 8*
— 6T transition feeding into the 2685.4 keV level. This means that setting any gate with
602 keV from !4°Ba to measure desired peaks in %Mo would bring in contamination.
The other reason is that 602 keV lies on a complex region associated with an inelastic
neutron scattering in germanium of the detectors as discussed in Ref. [22]. This neutron
platform is not negligible; the background around this region is too high and as a result it
is in coincidence with every other peak on the spectra (see Fig. [0.10](a)). In Ref. [22], the
528.2 keV 4T — 21 transition was used in the place of the 602.4 keV in 1490Ba. However,
transitions with energies close to 528 keV are present in '%Mo from 7~ — 67 (feeding into
the 2083.8 keV level), 1Mo from 21/2~ — 19/2" (feeding into the 1352.9 keV level),
106Mo from 67 — 67 (feeding into the 1033.48 keV level), and Mo from 67 — 47
(feeding into the 564 keV level). Although they are weak transitions, when considering
which one to gate on between the '°*Mo and “°Ba, they are comparable in intensities
when gating on %Mo which would result in contamination but sufficient when gating on
140Ba. Such cases should also be carefully treated when measuring other high neutron

105,106\ 16140 pairs.

channels with low yields, e.g

Another approach that has been used in the past to resolve this problem is presented in
Ref. [104]. In the analysis of Ref. [[104], the intensities of 519 keV (67 — 4% transition
in 1%*Mo) and the 414 keV (47 — 47 transition in '°®Mo) were measured instead of the

ground state transitions for the yields. However, there is another 414 keV present and strong

in 1Mo from (15/2)~ — (11/2)* (feeding into the 2083.8 keV level). When gating on Ba
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transitions to measure the 414 keV in %Mo, the strong 414 keV transition from *"Mo will
contaminate the spectra. Whereas, the 519 keV transition is okay in this case because even
though it is present in '®3*Mo it is weaker to contaminate the spectrum. Therefore, a gate
on (519/641) keV from '%*Mo was used to measure the 602 keV in 14°Ba. These two gated
transitions are located high enough in the '%*Mo level scheme and have no feeding from the
two contaminants (602 keV transitions mentioned earlier) in ®*Mo. In this case, we used
a local background subtraction which was set higher than usual to reduce the contribution
from the neutron platform. This too does not completely circumvent the problems but it
gave us a good approximation of what the yield should be. For more major overlapping
transitions in Ba-Mo pairs to be considered when conducting this analysis refer to Table[6.8]
Through this thorough examination of the Ba-Mo yield there is clear evidence of the 9 and
10 neutron channel yields as in Fig.

The errors are significantly reduced because of the improved statistics, the use of quadru-
ple coincidence data and improved knowledge of level schemes. To calculate all absolute
errors, the experimental data were normalized to values from Wahl’s tables [[118]. Specif-
ically, the summation of '**Ba yields was normalized to Wahl’s value because it was the
strongest yield in our experiment. Note that the values from Wahl’s tables only considered
ground state 7 transitions but we have considered the branching ratios from feeding bands.
The 15% errors from Wahl’s data were added to our absolute errors as well as 5-10 %
experiment errors from missing transitions and contamination in our data.

As seen in Fig. [6.6] a similar deviation from a Gaussian fit to the data for the 0 to 7
neutron emission channels is seen at neutron numbers 7, 8, 9 and 10 in the Ba-Mo yields
as observed in [3, 4]. In comparison to these results, a noticeable difference is that in the
present analysis we have a more complete set of yield pairs; '°°~11"Mo and '38~148Ba. This
is not the case for the earlier analyses where 139Ba is missing in [3} 15, 4] and 138Ba in [3].
These are very important components of the analysis as they contribute to the intensity of

the second hot mode. Additionally, the 9 and 10 neutron channels were not reported in [3]

119



Table 6.8: Part of the major overlapping energies transitions in Ba-Mo pairs that could
result in contamination. See text for more instructions.

Energy (keV) | Nuclei E;to Ef (keV)
110 107Mo 458348
109Mo 333222
145Ba 618—508
147Ba 110—0
113 103Mo 354241
14584 113—0
172 105Mo 796—623
106 Mo 172—0
107Mo 492320
185 145Ba 463—277
147Ba 185—0
192 104Mo 192—0
108 Mo 193—0
138Ba 2089—1898
250 103Mo 354—103
147Ba 360—110
414 107Mo 566—152
108 Mo 979564
493 107Mo 950—458
14384 954—461
519 103Mo 1157—637
1180—561
529 104Mo 2612—2083
105Mo 1882—1353
106Mo 1563—1033
108 Mo 1508—979
140Ba 1130—602
1660—1130
602 104Mo 23261725
2685—2083
140, 602—0
neutron platform
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Figure 6.11: Gamma-ray coincidence spectra by gating on (a) 368.6 and 519.4 keV tran-
sitions in %Mo to show evidence for the 10 neutron channel at 1435.7 keV in '*¥Ba and
in (b) another gate on 368.6 and 641.6 keV transitions in %Mo to give further evidence of
the 10 neutron channel in the 1*¥Ba-1%*Mo. In (¢c) a gate on 94.9 and 138.1 keV transitions
in %Mo to show evidence for the 9 neutron channel at 1435.7 keV in !3®Ba for the Ba-Mo
pair.

and [104) 24]] (same data set in these two) did not report only the 10 neutron channel. Note
that there is a typographical error in the '**Ba-'>Mo yield in Ref. [[104]. This reported
yield is too small (0.007) compared to 144Ba-194Mo (102) in the same reference. The
second smallest reported yield in Ref. [[104] was 0.35, which is two orders larger than the
0.007 value. However, as shown in Fig the 9 and 10 neutron channels are present.

And in the current study we have also observed the 11 neutron channel at the 1435 keV
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Figure 6.12: Gamma-ray coincidence spectra by gating on (a) 102.8 and 135.5 keV tran-
sitions in '*Mo to show evidence for the 11 neutron channel at 1435.7 keV in '*¥Ba and
in (b) another gate on 102.8 and 363.1 keV transitions in 103Mo to give further evidence of
the 11 neutron channel in the '3¥Ba-19*Mo pair.

peak in '33Ba as seen in Fig. This channel is observed in several gates but in Fig.
we only show two gates on 102.8/138.5 keV peaks in (a) and 102.8/363.1 keV peaks in (b)
and they are both from '»Mo. Also in Fig. we show a second Gaussian fit to the 8, 9,
and 10 as reported earlier [[128]] and added the 11 neutron channel. In Ref. [[128]], we fitted
a second Gaussian by means of restricting the peak position of the second mode to greater
than 6 neutrons emitted. However, in the present study we were able to obtain a reasonable
fit by restricting the peak position of the second fit to ~ 8 and width of the second curve
was fixed to the width of the first curve. This new analysis of Ba-Mo fission pairs, coupled
with the new analysis of Ce-Zr yields, which shows a reduced “extra hot mode”, and the
Te-Pd, Xe-Ru and Nd-Sr yields, which do not exhibit 8, 9, 10 neutron emissions, confirms

the existence of this “extra hot mode" in the Ba-Mo and now found in Ce-Zr yields.
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6.5.6 Independent Yields

The fission fragment isotopic distributions are compared with the previous results [3],
as shown in Figs. [6.13] [6.15], [6.14] and [6.16] The results are deduced from the integral of
each isotope in the Tables [6.4] [6.3] [6.5] [6.6] Note that, some of the previous results

without available experimental data for some fragments were deduced by interpolations.
For example, 133135Te, 135:141xe 1398, 145Ce, 151.153N(, 97Sr and 109111:113,115pg. The
present work shows odd-even effect for the Te, Nd, Sr, and Pd isotopes. This effect was
not found in the previous results because of the interpolation method used before [3]. The
present results also show odd-even effect at around '°~19>Mo. This may be due to the

very weak population in '°'Mo so that the corresponding fragment pairs with Ba are hard

? Ba (a)
- Te N _ & Ce ]
. &
_ & ,i{ Nd
20 }_'} X E
3 f \} / \& 1
(4] = _
s | /f -
:l ' B T T T T TR T T T l:

132 134 136 138 140 142 144 146 148 150 152 154

Figure 6.13: Fission fragments distributions deduced from the fragment pair independent
yields given Ref. [3]. The black filled symbols are from the experimental data in Ref. [3]
and the open symbols are from data given in [6]
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Figure 6.15: Fission fragments distributions deduced from the fragment pair independent
yields given Ref. [3]. The black filled symbols are from the experimental data in Ref. [3]
and the open symbols are from data given in 6]
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6.6 Conclusion

In the present work, new yield matrices were determined for Te-Pd, Xe-Ru, Nd-Sr, Ce-
Zr and Ba-Mo fission partners from the spontaneous fission of 2>2Cf. Part of the Te-Pd
and Nd-Sr work was done by the REU student Hank Richard. The REU student Andrew
Thibeault was partially involved in the measurement of the Ba-Mo yield. A similar devia-
tion from the Gaussian fit to the normal fission mode was found in Ba-Mo for the 8, 9, and
10 neutron channels as found in previous analyses to confirm the existence of the proposed
“extra-hot-fission” mode. We have also observed an “extra hot fission mode” for the first
time in Ce-Zr pairs. In both cases, 11 neutrons were observed for the first time. The obser-
vation of these modes in both pairs can be explained by considering that 143:144:145,146g5
and '46:148Ce have been determined to be octupole deformed which can help give these
nuclei high internal energy at scission and in turn gives rise to high neutron multiplicities.
This is in addition to the possible hyperdeformation suggested for these nuclei in [3]. Er-
rors are reduced in this newest analysis compared to previous studies because of the greater
statistics of the latest Gammasphere experiment and the use of quadruple coincidences in
the analysis and improved level schemes. A new experiment is being planned to do fis-
sion fragment-y-y coincidence studies to investigate details of the fission process and to
study new more neutron-rich nuclei. In addition, the investigation will study the existence
of an “extra hot mode” observed in Ba-Mo and Ce-Zr fission yields as well as ascertain

whether these second modes are a result of hyperdeformation and/or octuple deformation

of 144145146 B4 and 146148 Ce. This work was published in Physical Review [129].
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Chapter 7

Conclusion

In summary, high spin states of neutron-rich '%1%Mo have been reinvestigated by an-
alyzing the y-rays in spontaneous fission of 2°>Cf with Gammasphere. Both y — ¥ — 7 and
Y—7Y— v — Y coincidence data were analyzed. New levels and transitions have been iden-
tified in both isotopes. A new Al=1 band has been discovered in %Mo with a tentative
57 bandhead, and is proposed to form a class of chiral vibrational doublets with another
4~ band previously found. Angualar correlation measurements have been performed to
determine the spins and parities in both isotopes. Bands (4) and (5) in these nuclei are
proposed as soft chiral vibrational doublet bands. These doublet rotational bands in %Mo
show similar behavior to those in °®Mo but exhibit smaller separation energies. The levels
of the 4~ and 5~ chiral doublets in '°®Mo have bee reassigned The theoretical calculations
support the assignments of these newly observed bands as soft chiral doublet bands built
on the hyy/, quasineutron and a pseudo spin pair of (ds 1287 /2) quasineutrons. TPSM cal-
culations have been performed for the chiral doublet bands in '°+19%Mo. The results show
reasonably good agreement with the experiement data. PES calculations have been per-
formed, however, more theoretical work is needed to understand the band 6 to 10 structures
and configurations in '%Mo.

Furthermore, new yield matrices were determined for Te-Pd, Xe-Ru, Nd-Sr, Ce-Zr and
Ba-Mo fission partners from the spontaneous fission of 2>2Cf. A similar deviation from the
Gaussian fit to the normal fission mode was found in Ba-Mo for the 8, 9, and 10 neutron
channels as found in previous analyses to confirm the existence of the proposed ‘“extra-
hot-fission” mode. We have also observed an “extra hot fission mode” for the first time in
Ce-Zr pairs. The observation of these modes in both pairs can be explained by considering

that 143:144,145,146B, and 146:148Ce have been determined to be octupole deformed which
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can help give these nuclei high internal energy at scission and in turn gives rise to high neu-
tron multiplicities. This is in addition to the possible hyperdeformation suggested for these
nuclei. Errors are reduced in this newest analysis compared to previous studies because of
the greater statistics of the latest Gammasphere experiment and the use of quadruple coin-
cidences in the analysis and improved level schemes. A new experiment is being planned
to do fission fragment-7y-y coincidence studies to investigate details of the fission process
and to study new more neutron-rich nuclei. In addition, the investigation will study the ex-
istence of an “second extra hot mode” observed in Ba-Mo and Ce-Zr fission yields as well
as ascertain whether these second modes are a result of hyperdeformation and/or octuple

deformation of 144:145,146B4 and 146,148 e,
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